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1.0 INTRODUCTION

1.1 PURPOSE AND BACKGROUND

The test described in this report is an Internal Fuel
Vapor Ignition Qualification Test of the 450 Gallon Filament
Wound, Lightweight, Explosion Proof, External Fuel Tank for
the H-S3 series helicopter.

The Internal Fuel Vapor Ignition Test 1s described in
Paragraph 4.6.20 of Technical Exhibit ASD/ENFEA-73, October
1978:

"A tank suspended from integral pylon shall withstand

the explosive pressures caused by rapid ignition of an

N-Pentane/air mixture. The explosion shall produce a

pressure peak rise of at least 6.5 atmcspheres within
60 milliseconds. No structural damage is permitted.”

However, Section 3.4.1.7.3 states:

"The tank shall contain the explosion pressures gener-
ated frcocm fuel vapor ignition without catastrophic
rupture."

This statement appears to modify Section 4.6.20 to the ex-~
tent that some damage is permitted as long as it is not
"catastrophic" 1n nature. The pass/fail criteria for this

test is therefore somewhat ambiguous.

The explosion-proof external tank was originally sug-

gested in Mishap Control No. WR76-022A.

This test was performed for Fiber Science, Inc. by Dy-

nara.¢ Sclence, Inc. at its test facility in Phoenix, Arizona.

This report was prepared by Dynamic Science, Inc. excluding

Gection 1.4, "Conrclusions and Recommendations," those por-

tions of Data Sheet 2 requiring cross sectioning of the

A




tank, and those sections of Data Sheet 2 pertaining to
Evaluation of Data, all of which were prepared by Fiber
Science, Inc.

1.2 DESCRIPIION COF TEST SAMPLE

The sample tank used in tuis test was a prototype of
the 450 gallon, Filament Wound, Lightweight, Explosion Proof,
External Fuel Tank for the H-53 series helicopter. This tank
was developed and fabricated by:

FIBER SCIENCE, INC.

Salt Lake International Center

506 Billy Mitchell Road

Salt Lake City, UT 84116
under Contract No. F09603~79~C-1642 from USAF Logistics Com-
mand, Warner Robins Ailr Logistics Center. The tank was de-
signated by Fiber Science, Inc. as Part Number 2191-001A,
Serial Number 0001, and was manufactured in April, 1981.

1.3 DISPOSITION OF TEST SPECIMEN

Following post-test examination by Dynamic Science, Inc.,
the tes: specimen was returned to Fiber Science, Inc. for

further analysis.

1.4 CONCLUSIONS AND RECOMMENDATIONS

There was no visible damage to the tank structure. Both
fuel and air fittings were blown from the tank. This was the
result of an oversight on the part of all parties concerned,
since to be truly representative of an actual aircraft instal-
lation, restrictive sockets representing the aircraft valve
into which these fittings are installed should have been used
for this test. The blowoff of the fittings would not have oc-

curred had restrictive valve adaptors been used.

At
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REFERENCES

Technical Exhibit ASD/ENFEA-78, October 1978.
Mishap Control No. WR76-022A

"Qualification Test Procedure, H-53 Tank, Require-
ments for Fuel vapor Ignition Test," Fiber Science,
Inc., Document No. QTP-2191 Section "N," December
1980.




2.0 FACTUAL DATA

2.1 DESCRIPTION OF TEST APPARATUS

Table 2-1 presents a summary of all instruments and
equipment used for the collection of electronic data, the
manufacturer s' names, instrument serial numbers, ranges,
accuracy, and dates of latest calibration. All non-
electronic data (i.e., static measurements) were obtained
through the use of standard measurement technigues.

2.2 TEST PROCEDURE

The requirements of the Internal Fuel Vapor Ignition
Test are as stated in Section 1.1.

Section 2.2.1 describes the Internal Fuel Vapor Ignition
Test Procedure. Section 2.2.2 describes the electronic data

acguisition process. Section 2.2.3 describes phctography.

2.2.1 1Internal Fuel Vapor Ignition Test Procedure

The test procedure generally followed the outline given
in Fiber Science, Inc. Document No. 2TP-2191 Section "N,"
"Qualification Test Procedure, H-53 Tank, Reguirements for

Fuel Vapor Ignition Test," (Appendix C).

It was determined that there was small likelihood that a
pressure rise to 6.5 atmospheres could be reached withiia 60
milliseconds using an N-pentane/air mixture and a single ig-
niter. N-pentane is primarily a liquid below 97°F and flame
front propogation is only on the order of one to two feet
per second. For these reasons, the fuel was changed to
acetylene, and a complex ignition system consisting of 17

electric matches at one foot intervals was developed.



1010

—10uag futwTy

a8d1nos
QUON Iy woid ZH 021 14 aouITIOS DTwrUAg auoN | vaswed zZH 021
5N 3103234 I103P
papaovoal vuuu:uc tutwry
18-C1-1 pue psyoaYy. zZH ool I ADUBTHNG Drwel Ag auon | paswe) ZH 001
syxelw bui
w1l wolj EToue D)
SUON pauTwIalag | Sdd 000°'%-001 ciZ-91 HOSUSTTOM 1-3M ¥YLSYS Sdc¢ ol
syieyw bur
-1} woij satiojzeioqe’] L ENT R
QUON poutwiaiad | Sdd 000°11-0C | 1H 98vZ./8IC1 axe1 pay | F0O-Ty WedAH Sdc 0002
IADNF LR,
18-11-6 L YA A 0 ¥1Sd 00S1-0 atetl 2310 8000-9¢2¢ -V AAr SS81]
123d0p5URT],
18-v1-6 *0Z° 0% 0154 0G6Z-0 6619 T[5MOH = 1124 Z0co0-20c-t QAT 55324
18-11-6 61 0% 661 0SE-WGT T SI9DNpPSUr1]
18-11-6% 6L 07 vIisd 0621-0 6021 wey3eas -210¢2vd ITSEB14
18-G0-2 W3D 10°0% Wad L°1-0 TEETLHSO UOTSTATQ { YTOCHLO-0TTT
18-50-9 W30 T1°0% W3O ¥°01-0 £PETLHSOIR Juaumazsuy syooi1g | ¥1DEH60-0T11 SI833L MOT A
uotryeaqiried Aoeanaoy abuey 13qumN I12INn300INUPKH 1°DOW waly
ise] 3o 93.a 1eraas
AHYHWNS LNIWA1N03 1S3l ANV NOILVLHIWNYISNI HOILINOI ¥Od¥A ‘1-¢ 3J774dYL
» ® » ? ® » [ » »




*197713 [vP3THTIP 134 9yl ybnoayiz 1011s uonizeouniy 3o uonijebedoid o3 anp 10314,
, “10118 347
yitm zyy 1 03 dn asuodsar aeauty ‘3IPT) ® saptaoad wais/s unylrsInboe eiep AMUDIDS Srwnull Al
— [
3UON «s¥2L°T> - 6SE 1-£0661 [=1auan BIE] | O£ 1S Asd1103 JeandueD
[}
aley
SUON e 0% | alduws zHN 8 fL6GH [TOUl ‘PR XTUAoud (NO9-5¥A | IFIIIAUOCD O,V
, _ |
| i 1o .7113
| 15067 , boreuy
18-90-¢ . » nIgly SeLse ERL R v § Yiro~1033ng
|
. as0 £L5LL01 5Wwashs “ G107
axojyag 1¥€D . . niyy T0SEL0T loz3un) Ele() 100L/51 -39 -PNPCWa] 13
’ | I3pPI0DTY ©
18-82-1 s . RZIL owefies 111 2aqes _ adel, yoegAvlg
. !
[ 1ap10oay
g 1
. ! agv] uvi2
. 18-82-1 . ! » £51¢L owebuprg IIT 21qQeS . -PIUAUNIICY]
q _ m NInPo;
- as() “ futucTiTpUOD
” 910338 1ed . . LCOL uoIxin3 quz_ Teuh1s ajouwny
: uctaric:izod _ aa3une)
q (zH 0OoI 1P THW S213]PIDRIS h Aouonkazg
: 18-91-¢ *1) 2H 1 00T-7ZH 001 769l 1e3uUsuT3LGD 00T YWW | Butwiy eiawed
,. — . —_ - 1
y ucrI3RIqITPD ADEINDOY abuey Jaqumpy JDANJIOUINUPY 190K woy
- IseT jo sied [r1iaosg
,.., . {QIN0D) ABVWWNS INIWAINTI 1531 ONY NCIIVINARMILSNT NOILINOT MOJVA “1-7 318Y)




——Y——y vy - w W e ¥ VT i YT T rY T X T TY WYY T X T 3T g 9Ty T XIS VT STw o= ®F T
| omm s Saus o ag L aan A REirad EaliRr e MR B v R . A

6

L 2

P °
3
}‘:

“

el

AR A0 i o 4 S0 0 ML SR SR PN G el Laad

OaE o L ane S Se SR IR D dhabe reNs
- .

Additional changes approved by Fiber Science, Inc. were
as follows:

e The allowable pressure was modified from "at least
6.5 atm” to a 6-8 atm range.

e The fuel and air valves were installed and remained
in the closed position for the test.

An acetylene/alr ratio of 4.3 percent was determined to
be the proper mixture to provide the desired pressure pulse,.
The tank and pylon were mated to the Fiber Science "Qualifi-
cation Test Fixture" which was in turn attached to a steel
A~-frame fixture. The acetylene/air mixture was introduced
into the tank through the nose of the tank. The fuel/air
mixture was controlled through the use of regulators and flow
meters. After twenty minutes, the valves at the tank nose
and tail were closed, the instrumentation was turned on, and
the igniters were fired. The tank was then purged of the

ﬁh“ -
FERE

comhustion products., Figure 2-1 shcows the Fuel Vaper I

2

tion Tast setup.

2.2.2 Electronic Data Acquisition

The electronic data obtained in this tesi consisted of

internal pressures at four locations, as shown in Table 2-2.

The individual transducers and other components of the
data acquisition system are described in Table 2-1. Each
transducer was attached to an Ectron differential amplifier
within the Remote Signal Conditioning Module (RSCM) main-
frame by an umbilical cable. After amplification, the trans-
ducer siqgnals were converted to the {reguency domain by the
Voltage Controlled Oscillators within the RSCM mainframe.

The information was then multiplexed and tranrsmitted via
nardiine to the sabre 111 lnstrumentatilon tape recorder

for recording.
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FIGURE 2-1. FUEL VAPOR IGNITION TEST ARRANGEMENT.
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The recorded, multiplexed signal was later played back

and demodulated by the Data Control Systems demodulator.
The demodulated signal was then filtered and digitized for
processing and plotting on the Datz General S130 Eclipse

Computer.

2.2.3 Photographic Coverage

The Internal Fuel Vapor Ignition Test was recordecd on
16 mm color film by two cameras as shown in Table 2-3. The
event was filmed at 2,000 fps. 1In addition, 24 fps docu-
mentary footage and a complete set of 35 mm color slides

were taken.

2.3 TEST RESULTS

No damage was observed to the tank shell, 1interrnal baf-
fles, or internal plumbing, based on non-cross sectioning

examination.

As there was no "catastrophic rupture,” the tank appears

to meet the specification requirements.

10
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3.0 TEST DATA

" 3.1 TEST CONDITIONS

; The test was set up according tc the procedures set

forth in Section 2.2. The tank was inadvertently mounted
'9 in a 6° nose-down position, but this attitude was deemed
not critical to the test. Pre-test approval was obtained
(Data Sheet 1) and the test proceeded.

¢ A summary of test conditions is presented in Table 3-1.

3.2 TEST RESULTS

¢ After the tank was filled with the acetylene/air mix-

: ture, the fill and vent lines were sealed, instrumentation
was initiated, and the ignition system was fired. The re-
sultant pressure pulses are presented as computer generated

'@ plots in Appendix A. The pressures recorded at the tank

nose and just rear of the aft frame rose to approximately

100 psi (6.8 atm) within 55 msec, while the pressure at the

tank tail rose to 138 psi (9.4 atm) in 44 msec. There is no

ready explanation for the 138 psi reading, especially since
it occurred within the same tank compartment as two of the

other pressure sensor locations.

Analysis of the high-speed film revealed that, after
ignition, a flame propagated first cut the top of the fuel
valve and then around the circumference of the valve. Part
of the valve was blown off the tank and a column of hot gas
vented out the fuel valve access. A flame then propagated
out the top of the air valve followed by the air valve being

blown clear of the tank. A column of hot gas was then vented

"o through the air valve access
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Post-test examination at the test site revealed that the
metal band clamps used to hold the flexible joint coupling in
place had failed to securely hold the upper portion of the fuel
and air valve in place and they ejected from the tank. It may
have been that the clamps were not securely fastened around
this joint. The phenolic fuel and air fittings cracked from
ejection or subsequent impact with the ground. There was no

failure of the mating half fittings which remained attached
to the tank.

The metal honeycomb flame arrestor was blown out of the
bulkhead fitting which connects the air line to the flexible
joint coupling.

Damage to the tank is further described in the text of

Data Sheet 2. Color photographs of the test are presented in
Appendix B.

i3




e

T

MR b P AT N SN AY 5 o B

QLY Y b s ey,
e

e

P

Pt ane 4 o debagaian e caids — 420X

DATA SHEET 1. PRE-VAPOR IGNITION EXAMINATION

Testing Activity: Dynamic Science, Inc.

Tank Serial No.: 0001

Test Date: June 23, 1981

Activity Test Engineer: Terry Bjork

Fiber Science, Inc. Test Engineer: Richard R. Lyman

Government Representative: Hugh Hilliard

EXAMINATION OF PRODUCT:

Visual Inspection: Approved

Delaminations (Tap Test): Small (less than one inch
square) (less than 16) delaminations 1n center section =
appeared to be only in outside circumferential wrap -
approval to proceed.

MOUNTING:

Aircraft Simulated Attachment Deviations If Any:

Apparent tank angle 6° nose down - approved to proceed.

ARRANGEMENT:
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TABLE 3-1. VAPOR IGNITION TEST SUMMARY

Test Description: FSI 450 Gallon Vapor Ignition Qualifi-

Tank Serial Number: 0001 Mfg. Date: April 1981

Test Number: T2-1
Number of Data Channels: 4
Number of Cameras: 2

cation Test

1981 Time: 2:3Yy PM Temperature: 107°F

PRE-TEST DATA

Air Flow Rate: 10.4 cfm

Acetylene Flow Rate: 0.467 cfm

Acetylene/Alr Ratio: 4.313

Required Pressure Pulse: 6.5 atm (95 psi), <60 msec

POST-TEST DATA

Actual Pressure Pulse:

Location
Location
Location

Location

NMumber of Ruptures: None

1
P
3
4

[

i0l psi1 (6.9 atm), 53 ms
104 ps1 (7.1 atm), 55 ms
102 psi (6.9 atm), S$6 ms
138 psi (9.4 atm), 44 ms

15



DATA SHEET 2. POST-VAPOR IGMNITION EXAMINATION

VISUAL INSPECTION:

No apparent damage to tank shell. Both fuel and air
coupling joints failed and the shutoff valve assemblies

were blown clear of the tank. Nylon fitting of fuel
level probe partially melted. Plastic cover of inter-
nal wires melted onto fuel plumbing.

DELAMINATIONS (TAP TEST):

Several new dead areas noted, primarily on rear section
of tank.

(To be completed by Fiber Science.)
Internal Damage

Tank Shell

Frames

Baffles

Fittings
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e : (To be completed by Fiber Science.)

EVALL,: :ON JF DATA

CAMERAS:

PRESSURE RECORDINGS:

INTERNAL DAMAGE:

|

FIBER SCIENCE, INC. no. QTP-2191  Section "N"

,”ﬂﬁﬂy

SALT LAKECITY, UTAH

|.-Hn- 11718780 PR




APPENDIX A

PRESSURE DATA
FILTERED AT 100 HZ

NOTE: Initial delay of approximately 65 ms
due to relay response time and electric
match response time.
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APPENDIX B

PRESENTATION OF PHOTOGRAPHS
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APPENDIX C

FIBER SCIENCE, INC.

DOCUMENT NUMBER
QTP-2191 SECTION "N"

QUALIFICATION TEST PROCEDURE
H-53 TANK
REQUIREMENTS FOR FUEL VAPOR IGNITION TEST
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Test T2-1, SNO0O0OO1

B1-82:
B1-83:
B1-84:
B1-85:
Bl-86:
B1-87:
Bl1-88:
B1-89:
B1-90:
B1-91:
Bl-92:
B1-93:
B1-94:
B1-95:
Bl-96:
B1-97:

Pre-Test Right Side Overall view of Tank and Fixture
Pre-Test Rear Overall View of Tank and Fixture
Pre-Test Left Side Overall View of Tank and Fixture
Pre-Test Left Front View of Tank

Post-Test
Post-Test
Post-Test
Post-Test
Post-Test
Post-Test
Post-Test
Post-Test
Post-Test
Post~-Test
Post-Test
Post-Test

Right Side View of Tank
Right Rear View of Tank
Left Rear View of Tank

Close-Up of
Close-Up of
Close-Up of
Close-Up of
Close-Up of

Tank Fuel and Air Valve Fittings
Fuel Valve

Tank Air Fitting

Tank Air Fitting

Air Valve

Close-Up Right Front View of Ncse Fitting
Close-Up Front View of Nc¢se Fitting
Close-Up Right Side View of Tail Fitting

Close-Up Rear View of Tail Fitting
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1. INTRODUCTION

Tiis report documents the Gunfire Test of the 450 Gallon, Filament
Wound, External Fuel Tank for the H-53 Helicopter.

1.1 Reason for Test

This test was conducted to establish the performance characterigtics
of the 450 Gallom, Filament Wound, Lightweight, Explosion Proof, External Fuel
Tank to the gunfire test requirements established in Technical Exhibit ASD/
ENEFA-78 dated October 1978. These test requirements are:

"3, REQUIREMENTS
Sk ve
"3.4 General Characteristics

"3.4.1 Design

"3.4.1.7 Survivability

% de ke

"3.4.17.2 Gunfire Loads. In addition to the intermal pressure load re-
quirements listed in paragrapn 3.4.1.3.6, the tank shall withstand the loads
generated from the hydrauliec ram and internal ignition pressure loads from an
impact by a projectile. The projectile impact shall not yield an entrance or
exit orifice wound larger than the projectile contact frontal area. Structural
damage is permitted; however, leakage shall occur only from the entrance or
exic.

"3.4.L7.2.1 Hydraulic hdam. The tank shall contain without rupture the
pressures generated frea the hydraulic ram effect when full and impacted bv
a 14.5 mm (AP at distance of 75 feet).

" 4. QUALITY ASSURANCE PROVISIONS
KhR
"4.6 Test Mechods
e fo ve

"4,6.2.1 Ballistic. The tank while suspended from the integral pvlon,
shall be subjected to the projectile specified in paragraph 3.4.1.7.2."

NOTE: The Soviets have not produced an AP (Armor 2i
World War II. Thev acw produce Armer Plercin
Piercing Incendiarvy-Tracer (APTI-T) rounds.

~ .
Q03T
o /




1.2 Description of Test Sample

The tank tested was Fiber Science Incorporatad (FSI) Part Number 2191~
001, Serial Number 0006.

1.3 Disposition of Test Specimen

The test specimen was forwarded to another testing laboratory for
another test in the qualification test serieg per FSI instructions.

1.4 Narrative Abstract, Conclusions and Recommendations

The Fiber Science 450 Gallon, Filament Wound, Lightweight, Explosion
Proof, External Fuel Tank was subjected to a gunfire zest. This test con-
sisted of firing a Soviet 14.5 mm API-T projectile to impact the fuel tank at
a velocity of 3468 ft/sec and at a near full ctumble attitude. Ten biaxial
strain gages were mounted on the tank. {[our piezoelectric pressure transducers
were installed. The impact resulted in an aperature in the impacted side of
the tank which was larger then the impacting projectile presented area.

The excessive aperture size could have been caused bv the excessive
hydraulic ram pressure resulting from the greater than usual impact velocity,
and by the presence of a hola in the tank wall used to mount the f{irst pres-
sure transducer.

We recommend that this test be considered iavalid due to the higher
than standard projectile velocity and due to the weakening of the wall from
the hole made for the pressure transducer. A repeat test would be advisable.

9
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2. FACTUAL DATA

2.1 Description of Test Apparatus

The test apparatus includes the Mann gun, the holding fixture, and the
instrumentation.

The Mann gun consists of a single shot, smooth bore barrel; a breech
mechanism; a muzzle-mounted tumble attachment; a mount with elevation and de-
flection mechanisms; and, a platform. The Mann gun is shown to the left in
Figure 1.

The holding fixture consists of a cross pilece with four legs, see Fig-
ure 1. The tank was attached to the holding fixture by a oylon made to
Sargent-Fletcher Co. P/N 27-450-4400, which was in turn attached to the hold-
ing fixture by means of a special adapter, furnished bv Fiber Science, Inc.,
which adapter simulated the aircraft pylon munting arrangement,

The instrumentation included:

(1) a chronograph system consisting of a chronograph screen array,
seen in Figure 1 bSetween the Mann gun and the fuel tank, and three electronic
counters located in the iastcrumentation room. The chronograph screens were
two sheets of aluminum foil separated by waxed paper which when perforated
by the metallic projeccile closed an electric circuit. Three of these
screens were mounted on wooden frames attached to a steel rack so that the
screens were spaced exactly at four foot intervals. Each screen was wirad
in a circuit with a 9 volt battery to a start and/or stop input of an elac-
tronic counter. The electronic counters were Hewlett Packard Model 5315A
Universal Counters. The screen closest to the Mann gun was connected te the
start inputs of Counters 1l and 3. The center screen wWas connected to the stop
input of Counter 1 and to the start input of Counter 2. The last screen was
connectad to the stop inputs of Counters 2 and 3. This screem was intanded to
provide redundancy in determining the projectile velocity. The first screen
was located three feet from the muzzle of the Mann gun; the fuel cank was 15
feet from the Mann Gun muzzle. The screemns were spaced within + 1/8 inch.

The counters can determine the 2lapsed time within + 0.0000002 sec. The data
reduction technique used corrected for the chanmge in projectile actitude at
each screen encountared. The accuracy of the projectile velocity determina-
tion is + 18 ft/sec.

A total of 10 biaxial strain gages were emplaced as shown on Figures 2
and 3. These were Micro-Measurement EA-13-125 TQ-350 biaxial strain gzages.
B&F Model 720 SG (10 each) and Homeywell Accudata 218 signal conditioning am-
plifiers were used to produce the signals vecorded on an ampex Yodel FR 1800
and an Ampex Yodel PR 2230 magnetic tape recorder. Straip zage locations 1
and 2 were along the tan' side on a line parallel to the center line Oof the
fi.el tank and spaced 11.50 and 5.75 inches respectivelv rearward rrom the aim
point, see Tizure 2. The rest of the stain gage locations were placed along
a plane passing through the aim point and perpendicular to the Ifuel tank cen-
terline. These locations were 22.5 degrees apart with the No. 3 location
22.5 degrees bSelow the aim point, No. 5 location at the bottom of the tark,
and No. 10 location direc=lv opposite the aim poimt, see Tigure 3.

o
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Figure 1. Tast Installation

vMann Gun, Chromogranin Screen Arrav, and fuel Tank
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Four PCB Model 102 AO3 piezoelectric pressure transducers were emplaced
as shown on Figures 2 and 3. The No. 1l pressure transducer was 3 inches for-
ward of the aim point on the impact side of the fuel tank on the line parallel
to the tank centerline. The No. 2 pressure transducer was 3 inches forward of
the No. 6 strain gage location. The No. 3 pressure transducer was 3 inches
forward of the No. 10 strain gage location. The No. 4 pressure transducer was
within the fuel tank along the fuel tank centerline approximately two feet
toward the tank rear from the anticipated trajectory. The diaphragm of pres-
sure transducer 4 was facing the intersection of the anticipated trajectory
and the fuel tank centerline. This transducer was in a fitting positioned by
a tube through which the lead wires passed. The other three transducers were
mounted in fittings which passed through the fuel tapk wall with the trans-
ducer diaphragms facing the center line of the fuel tank. A PCB Model 494A06
Amplifier produced the signals recorded on the Ampex Model PR 2230 magnetic
tape recorder.

The transducers have a raage of 2 to 10,000 psi; the serial numbefs
are given in the data sheets, Appendix A. The rated accuracy of these trans-
ducers 1is indicated on the transducer data sheets in Appendix B.

High frame rate motiom pictures were taken of the left side* of the
fuel tank from the left rear (the impacted side or "front'" surface), and of
the right side of the fuel tank from the right rear (the side from which the
projectile would exit if a complete perforation is obtained or "rear" surface).
The cameras used were a Hycam Model 41-0004 for the front surface and a Hycam
Model K2004E for the rear.

2.2 Test Procedure

The tank was installed on the holder with the leading end pointed down-
ward at a 2 degree angle. The target wac 87 inches from the leading end of
the tank and on the tank centerline. The Mann gun was located so that the
muzzle was exactly 16 feet from the impact point on the fuel tank. The chrono-
graph screen array was emplaced between the Mann gun wmuzzle and the fuel tank.
The fuel tank was filled with water until no more water would enter the tank.
This provided a trapped air bubble at the top of approximately 3 percent of
the total tank volume. The high frame rate motion picture cameras were loaded.

The tumble attachment was adjusted to have the projectile rotate to a
fully broadside attitude with the meplat upward at approximately 16 feet. The
weapon was loaded with a Soviet 14.5 mm API-T projectile with a standard pre-
pellant load. The Mann gun is fired when a solenoid is activated. This sole-
neid is activated by a switch in the Hycam filming the front tank surface.
This switch activates after the camera passes a designated length of film. The
length of film is set to allow the camera to reach the desired frame rata be=-
fore the event occurs. This switch was set for 150 feet of film which corre-
lates with a 2500 frames per second rate. The magnetic tape recorders were
started, then electric power was applied to the Hycam cameras. When the front-
surface-viewing Hycam passed 150 feet of film, the Mann gzun fired.

* I3
Directions assuming the observer is standing on the center of the fuel tank
facing the direction an aircraft mounting this tank would travel.

-
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When the area was declared safe, the test personnel and Fiber Science
and government witnesses inspected the fuel tank.

2.3 Test Resulres

The center of the projectile impact was 1/2 inch below the line parallel
to the tank centerline and on the intersection of the plane of the strain gage
locations 3 through 10. (The cross drawn on the tank was approximately 3/4
inch toward the rear of the tamk from the actual aim point)

The projectile impact velocity at the tank surface was approximately
3468 ft/sec. Chro ograph Screen 3 failed to function. The only velocity ob-
tained was that between Chronmograph Screens 1 and 2. This velocity was 3523
ft/seec. In two earlier checkout shots the velocities obtained were:

Betwesn Distance Coriectioan Factors :
Chronograph Interscreen in Inches for Tumble Attitude Time Mean Velocity
Screens Distance (f¢) At Lead Screen At Tail Screen (sec) (ft/sec)

Chackouz Test No. 1l

1l and 2 4 1.612 1.522 .0011419 3509.5
1l and 3 8 1.612 1.069 .0022998 3498.2
2 and 3] 4 1.522 1.069 .001580 3486.6

Checkout Test No. 2

1l and 2 4 1.604 1.450 .00113549 3535.8

1 and 3 8 1.606 0.902 .0022859 3525.3

2 and 3 4 1.450 0.902 .0011510 1514.9
This Test

1l and 2 4 1.606 1.402 .0011403 1522.8

Note that the rate of change of velocity per foot travelled for Checkout No. 1
was -5.625 ft/sec/fr and for Checkout No. 2 was -5.225 ft/sec/ft. Using the
mean of these two values, =5.425 ft/sec/ft, the estimated projectile velocity
11l feet down range would be 3468 ft/sec.

The projectile attitude was established by the length of the silhouette
left in the chronograph screens, the target, and, in the two checkout shots,
in witness papers placed midway between each successive pair of chronograph
screens. The attitudes at the various witnesses are given in Table 1. 1In an
earlier program, we determined that near the fully tumbled attitude (an angular
charge of 90 degrees or 270 degrees) the energy or momentum expended in per-
forating the witness can affect the rate of tumble. This is particularly true
with targets which are usually more substantial than the witness papers or
screens. Also silhouettes in witness papers at projectile attitudes near zero
degrees are difficult rto measure since the bullet ogive does not cut a neat
hole at small attitudes with the meéplat leading. TIherefore, the most reliable
tumble atcritudes are those in witmess sheets nearer Zo the targzet. Note that
the rate of tumble per unit distance travelled between chronograpn screens .

3
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' and 3 was 6.4 degrees/ft for Checkout 1, 6.8 degrees/ft for Checkout 2, and

- 6.95 degree for the tank test. These tumble rates are essentially equivalent.

! Using the rate of tumble for this test, the tumble attitude at impact was

bw probably 10l.6 degrees rather than the 113.3 degrees indicated by the silhou-
ette in the fuel tank. However, the 113.3 degrees is more indicative of the

projectile attitude when entering the water within the tank. At the atcitude

of 113.3 degrees, the area presented by the bullet would be approximately

1.3035 sq. in. This assumes that at near full tumble the area presented,

-" ’
ﬁ. is equal to 1/2 the area presented base-on, Apy, times cos 8 plus the area.Ap‘3

presented side-om, Apg, times sin 8, or
AL = 5 A « |cos & |+A - | sin 8].
Py 2 Py Py
T Absolute values of the trigonometric functions are used td provide the proper
signs for these two increments for tumble attitudes greater than 90 degrees.

} The projectile used has presented areas of Apg = 1.36032 sq in. and App =
L- 0027155 Sq ina

- The projectile used has a mass of approximately 0.0041151 slug. Thus

1% the approximate kimetic energy of the projectile at impact was 24,746 fr-lb.
? The mass was determined by weighing a sample of 28 like projectiles. The
standard deviation of this sample is 0.0000251 slug. The actual projectile
used was not weighed.

2.3.1 Hydraulic Ram Pressures

The four hydraulic ram pressuyres neasured are shown on Figure 4. This
figure shows the pressures over the time span in which the fuel tamk tore.
The pressure spikes, both positive and negative, seen on P2 should be ignored.
- These spikes are probably due to either the transducer condition (sensing
9 element contaminated with moisture) or are a characteristic of this type
transducer, but do not represent true pressure inputs.

2.3.2 Strain Measurements

The strain measurements over the same time span of the pressures are

Lot shown on Figures S5, 6, 7, 8, and 9. These are separated into sets of strain
gsages located near pressure transducers 1, 2 or 3, which show the same trends.
Positive strains are tension. negative strains are compressions.

Note in Figure 5 rthat the circumferential strains in for Sets 1l and 2
have similar shapes even though the magnitudes vary. The same is true of the
longitudinal strains. The circumferential strain at Location 2 exceeded the
range of the amplifier and/or the tape recorder. These had been spanned to
six times the greatest signal anticipated.

Note in Figure 6 that both the circumferencial and lomgitudinal strains
| W for Location 3 quickly settle to significantly lesser (compressive) strains.
The tearing of the fuel tank noted in Figure 10 probably occurred shortly
after the pressure shown at P arrived. ©Ncte the inicial temsions at S3: and
Sie which quickly changed to compressions. Note the same indication at Sic.
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Strain Gages 3 were in an area three sides of which were bounded by tears in
the composite layers.

The strain gages at locations 5, 6 and 7 (Figures 7 and 8) show char-
acteristics similar to one another. The initial move to a cowpressive strain
by the circumferential gages again indicate that the tank had torn before the
hydraulic ram pressures became effective at these locations.

A The strains at locatons 8, 9 and 10 again axe similar to ome another
(Figuzes 8 and 9).

All of these recordings are valid. The magnitude exceeded that antici-
pated by over an order of magnitude. The maximum microstrain is estimated to
have been approximately 8000 microinches per inch.

2.3.3 High Frame Rate Motion Pictures

The frame rates achieved were 2185 fr/sec for the camera viewing the
frout surface and 2250 fr/sec for the camera viewing the rear surface of the
fuel tank. These motion pictures were taken when the outside light level had
dropped approximately 2 F-stops below that required. To compensate for this
low light level the film prccessing was "pushed one stop."” With the ASA 400
film used this forced processing resulted in a very high level of graininess
in the pictures. We attempted to regain the second F-stop by over exposure
in the making of the movie copy.

2.3. 4 Examination of Test Specimen

The impacted side of the test specimen is shown on Figure 10 and the
rear surface on Figure 11, Note that even though the hole in the impacted
surface is larger than the projectile presented area at impact, that the flow
through the resulting hole is considerably restricted by the numerous fiber
ends partially blocking the aperture. This aperture was larger than desired
due primarily to the hole in the tank wall bored for pressure transducer No. 1,
see Figure 12. Had this hole not been bored in the tank wall the resulting
aperture could have been that which was made by the impacting projectile.

The hole made in the rear surface was the size of the perforating frag-
ment of the projectile, Figuze 1ll.

None of the remainder of the tank suffered damage on the exterior sur-
faces. A 'tap test'" by the Fiber Science witness indicated no difference in
the extent of delamination established before the test; however, the resonance
of the surface over the appareant pre-test "delamination" indicated that the
area was probably not delaminated.

2.3.5 Test Data
The test data sheets are located in Appendix A.

2.4 Evaluation of Test Results

Rated muzzle velocity for this particular cartridge in the weapon for
which the round is made is 3281 ft/sec. This would provide an impact velocity

17




Figure 10. Damage €O Impacted Side
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Figure 12. (lose-up of Damage to Impacted Side

Note that the composite material tear intersectad the
aparture made for Pressure Transducer 1 aad that the
Strair Gages at Location 3 were on a portion of the
outer wrap which had lost longitudinal continuaty.
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under the conditions of this test of approximately 3226 ft/sec. The kinmectic
energy possessed by such a projectile would be 21,413 ft-1lb. This is consi-
derably under that delivered in this test; it is In fact, a 16 percert over-
load. This excessive kinetic energy which combined with the disruption of
the filament winding strength resulting from the boring of the hole to mount
the pressure transducer could be the cause of the excessive tearing of the
gside of the fuel tark.

Since the impact velocity and the resulting kinetic energy were greater
than those logical for this test and since the hole bored for the No. 1 pres-
sure transducer weakened the filament windings at a critical point, we recom=
mend that this test be declared invalid. Repeat of this test would be in
order.

The original intent in subjecting extermal fuel tanks to projectile im-
pact tests was to assure that the fuel tank would not rip open, dumping the
fuel or presenting a drastically different aerodynamic shape. The desire was
to have a relatively slow pour through any hole and/or to maintain the basic
aerodynamic shape of the fuel tank. This tank did meet those objectives. The
fuel poured out of the hole made at the impact location, and the tanks aero-
dynamic shape was not drastically changed.

2.5 Recommended Changes for a Retest

We, at SwRI, have located some underwater explosion pressure trausducers,
Figure 13, which do not require a hole in the tank wall for proper determina-
tion of the incident pressure. We would propose to use this type of pressure
transducer in a repeat test. '

We are testing means which could be used to increase the illumination
of the tamk for the high frame rate motioun pictures. We propose to use these
light intensificavion techniques in future qualification tests.

2l
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Figure 13. Pressure Transducer for Use in Liquids
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TEST DATA SHEET
QTR-2191 SECTION "Q"

Testing Activity S 27" Activity Test Engr. Phves s zA3EL
P 2191 <601

Tank Serial No. W 20026 F.S.1. Test Engr. _ARics4RD LYMAW

Test Date HMAY 7 5" IS E/ Government Rep. HUSH HIcL (AtD

EXAMINATION OF PROODUCT

Ref. Para. 4.1: Visual Insp.ction A4a y/SuaAlL DAMAGE

Delaminations (Tap Test) APPAREN T DEirAma/s THa4 _AREA
_MARKED

MOUNTING -

Ref. Para 4.2: Ajrcraft Simulated Attachment

Deviations [f Any WowWE .

FIBER SCIENCE. INC. |no. QTP-2191 Section "0

SALT LAKE CITY, UTAH

-~ 1Y /10 /0N




Ref. -Para. 4.3:

Ref. Para. _4.4.1:

Al B I Sk S 3

A Bt i St Suvis aihe ol i A adirteaue albme puve diaee SnA n e St gt Aadh ' S d S e aevh S Sdh S . T T R

ARRANGEMENT

Approved Test Arrangement (Ref. Figure 2 & ASD/ENFEA-78
Technical Exhibit.)

Testing Activity Approval
Approved By_&wé W Date /S Alay /72/

F.S.I. Test Engineer Approval

Approved 8 : Date /s~ % 57/

Government Approval '

Approved BY Moo R ZULPcar ol Date [ Inoy, F/

Minimum of two signatures required.

INSTRUMENTATION

CHECK INSTRUMENTATION CALIBRATION

ITEM t- CALIBRATION DATE
Gun (If Applicable) -- 7.«
Cameras (If Applicable) s
Pressure Transducer Recorder . e
Strain Gauge Recorder | ) 4.4 ]
70 07 §0

Timing Devices (Mruazn,;[ lounters) 23 Fo6 1
Other Instruments: .

1.

FIBER SCIENCE. INC. |wno.  QTP-2191 Section "0

SALT LAKE CITY, UTAH

s 19 /10 /0N
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& Ref. Para 4.4.2:

Ref. Para 4.4.3:

CHECK PROPER INSTALLATION

T YT A YY TR W W W W T

17t REMARKS
Gun f" oK
Cameras 'l[’ oK
Pressure Trénsducers %’Z_ »ye
Strain Gauges ﬁ__ 2K
Recorders ﬁ oK
Other Instruments 3 oR CALINYS RPN Coo VT ORS
1.
2.
3.
4,
CHECK PROPER OPERATION
ITEM REMARKS
Gun /(4 oK
Cameras | << ok
Pressure Transducers JP oK
Strain Gauges Qe oK
Recorders ' %?,. 2¢ )
Qther Instruments O oK PROJECT /¢ & CHtnaloGhAtY
1.
2.
3.
4.

FIBER SCIENCE, INC. | no. QTP-2191 Section "Q"

SALT LAKE CITY, UTAH

AATE. 11718720 parne 17 ns 1A
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Ref. Para 4.5:

Ref. Para 4.6:

FUELING
FUEL TANK AT PROPER ATTITUDE

ITEM REMARKS
Attitude (29 Nosedown) 2K M
Fi11 With 450 Gal. Water oK jljj_
Secure Filler Cap 0k ﬂ?
- V4
GUNFIRE TEST
FIRE GUN WITH ALL INSTRUMENTATION SYNCHRONIZED
ITEM OPERATION REMARKS
Gun ok M
— 7
Cameras oK /H
. 7
Pressure Transducers ok 7
- 7

Strain Gauges Y4
Recorders oK
Other Instruments L [POTECTILE AN QGArIN
1. 2 {s_ﬂg Vo 3 Ll T
7
2. [Sﬁf GunTrrs 2 awd 3,

3.

4.

\\\\ W

FIBER SCIENCE, INC.

no. QTP-2191

Section "Q"

SALT LAKE CITY, UTAH

pDATE: 11/18/80

page 13 of 16
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POST GUNFIRE EXAMINATION

Ref. Para. 4.7: EXAMINE TANK FOR THE FOLLOWING:
' TN REMARKS
Initial Round Area

Round Entrance Orifice Area dg,,“ “# x 27 =2 & .+

Exit Round Area ' Lyprnx, 06 "2y _Jamalinlor
(If round can be retrieved ae” Prund,

unmodified.)

Round Exit Orifice Area 0. €7 ™

Visual Inspection Ebers  couZ' ™ b peclod

. wh - e  ExTht

_%.;4‘:'442 6 cder Aom dofe.

Delaminations (Tap Test) __c‘&‘{,_‘é‘/ by Fig Fibor
sz:r&ncp /&Igg-ra-ﬂh;r.

ﬁ\;‘ﬁ{
= Zo e ——— = FIBER SCIENCE, INC. |no. QTP-2191 _Section "0"

S adede?” S SALT LAKE CITY, UTAH
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® Ref. Para. 4.7: Color Photographs
LOCATION PHOTO NO.
Entrance'lg () (L) (L)

S€Ss RFiow

* Exit () (L) (D)
Other Damage '

F LOCATION PHOTO NO.

®

¢

[

l CoLdR PHOTOGRAPHS OF ENTRANCE . /NELUDE ROTH SLIDES

ANVD  PoLAROIDS THERe WERE THREE 0K FouR PoLARCEDS

o CoRMSHED AND THREE OR FoUR SL/I0ETS INCLUDING THE DBEFIRE
JIMPACT €9 WDITroN. SHILARLY THERE WAS ONE A4

SLI08 AvD PorARoID OF THE EX17 SURFACE BEFRe A¥D
AFETEL THE TETT.

)

FIBER SCIENCE, INC. |no. QTP-2191  Section "0°
SALT LAKE CITY, UTAH
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APPENDIX B

Pressure Ingtrumentation Brochures and Calibratiqn Sheets
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1.0 INTRODUCTION
1.1 PURPOSE AND BACKGROUND

The test described in this report is a Fuel Fire Qualifi-
cation Test of the 450 Gallon Filament Wound, Lightweight,
Explosion Proof, External Fuel Tank for the H-53 series heli-

copter.

The Fuel Fire Test is described in Paragraph 3.4.1.7.4
of Technical Exhibit ASD/ENFEA-78, October 1978:

"A tank full of JP-5 shall withstand an open pit fuel

fire (JP-4) for ten minutes without rupture. Suspension

height above the fuel fire shall be 48 * 2 inches from
tank centerline to fuel surface line."

The fire-proof external tank was originally suggested in
Mishap Control No. WR76-022A.

This test was performed for Fiber Science, Inc. by
Dynamic Science, Inc., at its test facility in Phoenix,
Arizona. This Test Report was prepared by Dynamic Science,
Inc., except for Section 1.4.2 and those portions of Data

Sheet 2 requiring cross-sectioning of the tank.
1.2 DESCRIPTION OF TEST SAMPLE

The sample used in this test was a prototype of the 450
Gallon, Filament Wound, Lightweight, Explosion Proof, External
Fuel Tank for the H-53 series helicopter. This tank was de-
veloped and fabricated by:

FIBER SCIENCE, INC.

Salt Lake International Center

506 Billy Mitchell Road
Salt Lake City, UT 84116




under Contract No. F09603-79-C-1642 from USAF Logistics Command,
Warner Robins Air Logistics Center. The tank was designated

® by Fiber Science, Inc., as Part Number 2191-001A, Serial No.

0005, and was manufactured in April 198l1. This tank had under-

gone previous testing.

) 1.3 DISPOSITION OF TEST SPECIMEN
Following post-test examination by Dynamic Science, Inc.,
the test specimen was returned to Fiber Science, Inc. for

@ further analysis.

1.4 CONCLUSIONS AND RECOMMENDATIONS

l1.4.1 Conclusions

‘3
The fuel fire test was conducted with a slight breeze (7 -
12 mph). The reservoir fuel pan was 1insufficient in width,
°® under this condition, and thus only about 75 percent of the
circumference of the tank was enqulfed in flames.
After ten minutes of burn, extinguishing of the fire bkegan
° in accordance with specification regquirements. The tank was
in test a total of 30 minutes, or 20 minutes beyond the spec-
ification requirements before the fire could be extinguished.
Y 1.4.2 Recommendations Concerning Test Procedure
Based on the experience of this test, there are two pro-
cedure changes that should be incorporated in future tests:
.'.

1. The fuel reservolir should be wider to minimize the
effects of wind in order to ensure that the tank is
fully engulfed in flame.

to
.

The fire crew on hand should be allowed to extinguish
Y the fire in the manner they deem best, rather thaa
being restricted by other instructions.
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2.0 FACTUAL DATA

2.1 DESCRIPTION OF TEST APPARATUS

Table 2-1 presents a summary of all instruments and equip-
ment used for the collection cf data; the equipment manufac-
turers' names, instrument serial numbers, ranges, accuracy,
and dates of latest calibration. Aall other data (i.e., static
measurements) were obtained via standard measurement techniques.

2.2 TEST PROCEDURE

The requirements of the Fuel Fire Test are as previously
stated in Section 1l.1.

Section 2.2.1 describes the Fuel Fire Test procedure.
Section 2.2,2 describes the electronic data acquisition pro-

cess. Section 2.2.3 describes photography.

2.2.1 Fuel Fire Test Frocedure

The test procedure generally followed the ocutline of
Fiber Science, Inc. document QTP-2191 Section "P," "Quaiifi-
catiorn, Test Procedure, H-53 Tank, Requirements for Fuel Fire

Test," (Appendix C).

The procurement of military grade fuels JP-4 and JP=5
by a non-military organization presented a major obstacle in
the conduct of this test. Therefore, with the approval of
Fiber Science, Inc., the commercial fuel Jet-A (described in
Marks' Standard Handbook for Mechanical Engineers, Eighth

Edition, P. 7-18, as "similar to JP-5") was substituted as

both the reservoir and tank fuel.
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The tail plug of the tank, accessible only for test purposes,
was covered over with a graphite/epoxy mixture by Fiber Science,

Inc. as it would be for standard units.

Internal thermocouples

were routed through the various tank access covers and the nose

plug.
tioned graphite/epoxy mixture.

External thermocouples were held in place by the aforemen-
The rubber hose portions of the

fuel and air valves were painted with Avco's Flamarest 1400-S Fire-

proofing coating.

(Directions for mixing and applying this subs-

tance were not supplied until less than 48 hours prior to the test

and the manufacturer specifies a 72 hour cure.
tection provided was therefore unknown.)

mally be applied by Fiber Science
facility. ‘

The fuel tank with intergral
Fiber Science "Qualification Test
The
bolted to a steel A-frame fixture

hooks of the pylon assembly.

degree nose down attitude and the

The degree of pro-
This material would nor-
prior to the tank leaving their

pylon assembly was hung from a
Fixture" using the attachment
Qualification Test Fixture was
such that the tank was 1in a two

center point of the tank was 48

inches above the top surface of the reservoir fuel, per Figure 1

of Appendix C.

The fuel reservoir consisted
constructed from 18 gauge steel.

side to form a continuous 24!

X 8.

of six 4' X 8.5' X 4" steel pans

These pans were laid side by

5' reservoir. A one-inch-deep

layer of sand was placed in the bottom of each pan to provide

insulation from the heat of fire to avoid warping the pans.

The steel A-frame with tank attached was placed in the empty

fuel reservoir. All thermocouple

the thermocouple connectors were wrapped with asbestos tape.

attachments were completed and
The

attachment points of the Qualification Test Fixture to the A-frame

were also protected with asbestos‘Eape.

Steel cables were attach-

ed to the mounting bolts at either end of the pylon and looped

over the top of the A-frame to provide redundant support of the

tank in the event of a melt-through of the aluminum pylon assembly.
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The fuel tank was filled through the aft filler access to
the point of overflow from a standard airport fuel tanker truck.
Per Fiber Science Qualification Test Procedure QTP 2191, Section
"p," Paragraph 4.5, the tank contains 450 to 457 gallons of fuel
when filled by this procedure while suspended in a two degree
nose down attitude. The reservoir pans were filled to a depth of
3.5 inches,

Ignition of the fuel reservoir was accomplished with a re-
mote electric match ignition system with a manual torch backup.
Time zero for the test was established to be that time when one
of the external theromocouples registered 1750°F or when the tem-

perature leveled off at an apparent steady maximum. .

The fire was allowed to burn unabated for ten minutes after
time zero, at whi'h time the test was completed and the fire crew

began the exting. shing process.
The thermccouple outputs were recorded on magnetic tape and
the event was photographed with both a motion pilcture camera and

a 35 mm slide camera.

2.2.2 Electronic Data Acquisition

The «lectronic data obtained 1n this test consisted of
temperatures measured by ten 1internal and nine external thermo-

couples, as shown in Figure 2-1 and Table 2-2.

The individual transducers and other components of the data
acgulsition system are previously described in Table 2~1. Each
thermocouple was attached to an Ectron differential amplifier
within one of the Remote Signal Conditioning Module (RSCM) main-
frames by an umbilical cable. After amplitication, the tranducer

signals were converted tou the trequency domain by the Voltage Con-

trolied Oscillators within the RSCM mainframe. The i1nformation

.
/
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TABLE 2-2. DESCRIPTION OF FUEL FIRE THERMOCOUPLE
LOCATIONS

S

Thermocouple Location

Tl Internal Near Nose Plug

T2 Internal Near Drain Plug

T3 Internal Near Top of Forward Frame
( T4 Internal Below Forward Access Cover
| TS Internal Near Top of Aft Frame
i T6 Internal Tank Centerline Behind Aft Frame ?
; T7 Internal Near Bottom of Aft Frame i
| TS | Internal Between Fuel and Air valves :
E T9 Internal Near Fiel Filler Access %
| T10 | Internal Near Tail Plug i
} T1l External Nose Plug {
i T12 External | Drain Plug ;
? T1l3 External i Over Forward Frame :
; T1ld External E Over Forward Access Conver '
I T15 Fxternal Over Aft Frame
é T16 External Bottom of Tank, Rear of Aft Frame
% T17 | External Between Fuel and Air Valves
1 T18 External Over Fuel Filler Access
L_Tl9 External Tail Plug
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was then multiplexed and transmitted via hardline umbilical to
the Sabre III instrumentation tape recorder for recording.

The recorded multiplexed signal was later played back and
demodulated by the Data Control Systems demodulator. The demodu-
lated analog signal was then filtered and plotted by tne Gould
brush recorder.

The data traces presented in Appendix A are the actual ther-
mocouple output voltage levels. Corresponding temperature levels
were determined from the manufacturer's calibration table and
superimposed on each chart for reference.

~

2.2.3 Photographic Coverage

The Fuel Fire Test was recorded on 16 mm color film by one
studio quality motion picture camera, as shown in Table 2-3.
A hand~held 16 mm camera was used as a backup. The film speed
was nominally 24 fps; however, due to loading of the AC generator
used to power the camera, the actual film speed during the test

was observed to be 21 fps.

Additional photographic coverage consisted of 35 mm slides

and 16 mm post~test documentary footage.

2.3 TEST RESULTS

The tank did not rupture during the test; however, 1t was
Observed to be leaking to some extent along the entire length of

the underside after the fire was extinguilshed.,

It should be noted that the fire was not completely extin-
guished until approximately 30 minutes after test 1initiaticn.
This resulted in an addition of approximately 20 minutes to the

specified burn time. During the extingulshing process, the tank

10




was sprayed with water -hile awaiting standby fire units to
arrive, This water could have become trapped in the honeycomb
cells on the side of the tank, mixed with fuel vapors and some
fuel leuking from the tank post-test, and thus judged to be
"fuel" leaking. The extent of actual fuel leakage observed is
therefore considered questionable in the absence of a chemical
analysis.

As the pass/fail criteria for this test is the absence or
presence of a rupture, and a rupture is generally defined as a

break or breach, the tank appears to meet specification regquire-

ment.
b
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3.0 TEST DATA

3.1 TEST CONDITIONS

The test was set up according to the procedures set forth in
Section 2.2. Pre-test approval was obtained (Data Sheet l) and
the test proceeded.

A summary of the test conditions is presented in Table 3-1.

3.2 TEST RESULTS

After the tank had been filled and sealed and the reservoir
had been filled, instrumentation was initiated, and the ignition
system was fired. The remote ignition system failed to ignite all
six reservoir pans, and ignition was completed by hand. Time zero
was established when exterior thermocouple reac. 3s leveled off.

Thermocouple readings are presented in Appendix A.

Due to delay caused by instrumentation setup problems earlier
in the day, the test was initiated two-and-one-half hours later
than originally planned. In the meantime, a 7-12 mph wind came
up. Because of the wind and the relatively narrow fuel reservoir,
only the bottom and downwind side of the tank were fully engulfed
by the flames,

During the course of the test, a significant flame was ob-
served to be burning around the fuel filler and air vent valves.
One possible explanation is that the elevated internal temperature
caused fuel expansion significant enough to force fuel and/or
vapors out through the valves where it was subsequently 1gnited.
aAnother possible explanation is that the flame observed around the
filler and vent valves was actually burning epoxy resin which 1S
present in both these arceas. It was not possible to distinguach

between these two conditions while the reservolr was burning.

13




Ssome fuel leakage from the top of the tank was apparent once the
reservoir fire was controlled.

After the specified burn time of ten minutes, the fire crew
began to extinguish the fire. Following instructions given
earlier, they attempted to minimize the amount of extinguishant
sprayed on the test article. Due in part to the magnitude of the
fire in the reservoir, and in part to the fire caused by the fuel
leaking from the tank above the reservoir, the fire was not extin-
guished quickly and the crew ran out of the "light water" foam.
They were then forced to spray a plain water jet on the tank to
keep it cool until more fire units could arrive. This water jet
tore away most of the graphite windings that had been exposed on
the downwind side of the tank. Extra fire units arrived and the
fire was finally extinguished some 33 minutes after time zero.

Prior to final extinguishing, the tape recorder had run out
of tape and the camera had run out of film.

Following the conclusion of the test, the fuel remaining in
the tank was pumped out into a fuel truck. During the fuel re-
moval operation, 1t was noted that long, sticky strands of a brown
materlal were clogging the screen of the siphon tube. It is pos-
Sible that the very high internal temperature had melted the ther-
moplastic liner inside the tank and that the strands of material
were thermoplastic. This explanation would account for the leak-
age of fuel noted atter the test.

The damage to the tank 1s described in the post-test observa-
tions of Data Sheet 2. Table 3-2 presents a summary of the thermo-
couple readings throughout the first ten minutes of the test. Aill
readings presented from 1nternal thermocouples are considerea
unrellable. Dynamilc Scilence does not believe that the relatively

quick rilse times i1ndicated, or the ultimate reading attalned, are

14
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realistic for this type test. It is probable that actual tempera-

tures of this magnitude would have melted the tank liner as well

as some portion of the internal fiberglass windings. Readings

from the external thermocouples are presented with a high degree A
of confidence and believed to be accurate. Color photographs of '
the test are presented in Appendix B.

15




DATA ‘SHEET 1. PRE~FUEL FIRE EXAMINATION

e Testing Activity: Dynamic Science, Inc.

Tank Serial No.: 0005

Test Date: June 26, 1981

Activity Test Engineer: Terry Bjork

Fiber Science, Inc. Test Engineer: Richard R. Lyman
Government Representative: Hugh Hilliard

EXAMINATION OF PRODUCTS:

Visual Inspection: Approved

Delaminations (Tap Test): Approved

MOUNTING:

Aircraft Simulated Attachment Deviations If Any:

Fuel and air fittings exposed (fairing in place) -
instrumentation in nose plug on forward end -
secondary suppert cables attached at pylon support bolts

ARRANGEMENT:

Approved Test Arrangement:

Testing Activity Approval

Approved B¥;::-ijkﬁ;l‘\(?i//ggi Date Qg-ZQQ“§%/
F.S.I. Test Eng{;ée;}Apppéval

/

i e ,
- o P .
Approved Byg;/{EEfLL,Q&AZQg V-, . Date 2 ,,/:”;,_49{

L T
Government Approval '

° . . (
Approved By Zg‘;y L UYL Date2i Jun €

0 Minimum of two signatures required.
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TABLE 3-1. FUEL FIRE TEST SUMMARY

Test Description: FSI 450 Gallon Tank Fuel Fire

Qualification Test ‘

Tank Serial Number: 000S Mfg. Date: Aapril 1981

Test Number: T1-1

Number of Data Channels: 19

Number of Cameras: 1

Date: June 26, 1981 Time: 9:29 AM Temperature:

99°F

PRE-TEST DATA

Tank Fuel: Jet-A ~ 450 gallons approx.
Reservoir Fuel: Jet-a - 255 gallons approx.
Wind: 7-12 mph E/ESE

POST-TEST DATA

Initial Ignition: 9:28:04

Complete Reservoir Ignition (tg): 9:29:47
Begin Extinguishing (test complete): 9:29:50
Extinguishing Complete: 10:02:45

Number of Ruptures: ‘tNone

|
|
|

e T e

~1
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EVALUATION OF DATA

CAMERAS:

THERMOCOUPLE RECORDINGS:

GENERAL CONDITION:
u
Section "P"

3 FIBER SCIENCE, INC.
= SALT LAKE CITY, UTAH

-

NO. QTP-2191

DATE:

PAGE 1Q

OF

10




DATA SHEET 2.

POST FUEL FIRE EXAMINATION (CONTD)

PYLON CONDITION:

Light sheet aluminum on right side nearly completely
melted away. Main pylon support members blackened but
intact. Pylon internal mechanisms blackened but intact

TO BE COMPLETED BY FIBER SCIENCE

DISSECTION OF TANK

Approved By Date

GENERAL INTERIOR CONDITION

L3

CONDITION OF INNER WINDING —

CONDITION OF LINER

20




APPENDIX A
FUEL FIRE THERMOCOUPLE DATA

(Analog Filter = 100 Hz2)
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4 . PIGURE B-5. OVERALL VIEW OF TANK EARLY IN TEST.
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1.0 Introduction

Simulated lightning attachment and physical damage tests
were performed on a full scale 450 gallon filament-wound external
fuel tank (part no. 2191-001) for the H-53 helicopter. A Sargent
Fletgher pylon assembly (part no. 27-450-4400) was attached to
the tank. The tests were performed according to Fiber Science
Qggéificacion Test Procedure QTP-2191 Section R dated 29 November
1l .

Testing took place at Lightning Technologies, Inc. during the
period of 4 - 8 June 198l. The tests were witnessed by R. Lyman
of Fiber Science, Inc. aund H. Hilliard of the U.S. Air Force.
Tests were conducted by J.A. Plumer and J.E. Pryzby of Lightning
Technologies, Inc.

2.0 Summary of Results

For the lightning attachment tests, the high voltage probe
was placed at various locations along the fuel tank. These includ-
ed locations opposite the drain valve, lower adapter screw, graphite/
epoxy and glass interface, graphite area, nose fuel filler cap,
and inside ring.

The tests showed that lightning may be expected to strike the
drain valve, fuel probe, lower adapter screw and the composite
skin itself, but not the filler cap, which is recessed in the fil-
ament wound skin. The general location of most lightning strikes

to the tank is determined by the location of the tank on the heli-

copter. In
of the tank
of the high
ture of the

the application planned, the lower and outboard surfaces
may be expected to receive most of the strikes. None
voltage tests conducted on this tank resulted in punc-
composite skin.

The high current physical damage tests were conducted with
the electrode positioned over the fuel cap, glass and composite
skins in the nose area and over the forward central rib. The
resistance of the composite skins limited the test current to
currents of 135 kA, which, while representing a severe strike,

did not fall within the tolerance range of SAE current component

A (a very severe stroke). Evidence of internal sparking was noted
by evidence of light on Polaroid photographs of the inside of

the tank for 6 of the 14 strike current tests. The location of
this sparking could not be determined positively, but was thought
to be at the pylon attachment bolts. Minor damage and local
delamination occurred to the composite skin from these tests but
no evidence of puncture through the tank wall was noted.

During some of the high current tests, voltages induced in
the fuel quantity probe wiring inside the tank were made. Voltage
transients of up to 1600 volts were measured between the Hi Z
and Lo Z probe conductors at the probe connector on the top of
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the tank. Since most fuel quantity probes are capable of with-
standing a surge of 10 kV without sparking between capacitive
elements, the voltages measured here are not likely to cause a
hazard. It must be remembered, however, that additional voltages
may be induced in the portion of the electrical circuits that

Tun between the tank and the gauging system within the helicopter.
These voltages could not be evaluated during these tests, and can
only be evaluated by tests of the tank installed on the complete
helicopter.

Induced voltages were not measured in the pylon ejection
circuitry because the circuits leading to the ejection cartridges
are located primarily in the helicopter, and were not available
for these tests.

3.0 Descriptiou of the Test Specimen

The test specimen was a full scale, pre-production, 450
gallon filament-wound external fuel tank (P/N 2191-001, SNOQ06)
for the H-53 helicopter. A Sargent Fletcher pylon assembly
(P/N 27-450-4400) was attached to the tank.

4.0 Description of Tests

4,1 Lightning Strike Attachment Tests

Simulated lightning strike attachment tests (also called
high voltage tests) were performed first to determine detailed
lightning strike attachment points, and especially, to determine
if metallic objects on the tank, such as the drain valve, would
attract strikes. The tank was intially positioned with the high
voltage electrode adjacent to the drain valve at a distance of
12". The pylon was connected to the generator ground circuit.

A 475:1 resistive voltage divider in conjunction with a Tektronix
544 oscilloscope was used to measure the voltage applied between
the test electrode and the fuel tank. A Polaroid-type camera

was positioned so that its lens entered the interior of the tank
through the filler cap opening near the pylon. Any light detected
by the camera during testing would be indicative of interior
sparking. Figure 1 shows the tank in position for the lightning
strike attachment tests.




Marx Generator

Figure 1 - Test Setup for Lightning Strike
Attachment Tests.

4,1.1 High Voltage Test Circuit :

A 500,000 volt Marx-type impulse generator was utilized to
produce the voltage for these tests. The test circuit schematic
is shown in Figure 2.

4,1.2 Test Results

An initial waveform checkout was performed using an aluminum
foil coverin§ over the tank. The test verified that the applied
voltage wavelorm met the specification of 1,000 kV/us + 50% rate-
of-rise as specified in Paragraph 4.1.1 of SAE Committee AE4L
"Lightning Tests Waveforms and Techniques for Aerospace Vehicles
and Hardware'', June 20, 1978. A typical applied voltage waveform
is shown in Figure 2.
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Figure 2 - Test Circuit and Typical Applied Voltage for
Simulated Lightning Strike Attachment Tests.

Testing began with the electrode placed adjacent to the drain
valve at a distance of 12". The Polaroid film showed that light
had appeared inside the tank during Test 3 indicating interior
sparking. No further evidence of interior sparking occurred dur-
ing the remainder of the lightning strike attachment tests. In
addition, there was no evidence of puncture of the tank wall
during these tests. The test results are tabulated in Table 1
and photographs of most of lightning strike attachments are shown

in Figures 3 - 1ll.




Figure 3 - Lightning~5trike Attachment Test No. 3.Flashover
to Edge of Composite at Drain Valve Screw.
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Figure 4 - Lightning Strike Attachment Test No. 4, Flashover
to Composite Skin.




Figure 5 - Lightning Strike Attachment Test No. 9. Flashover
to Plain Area of Lower Skin.
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Figure 6 - Lightning Strike Attachment Test No. 10. Flashover
to Edge of Glass.




Figure 7 - Lightning Strike Atcachment Test No. 12. Flashover
to Edge of Graphite Wrap.

- Lightning Strike Attachment Test No. 13. Flashover
to Several Spots on Edge of Graphite.
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Figure 9 - Lightning Strike Attachment Test No. 16. Flashover
to Area Several Inches Forward of Ring.
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4 Figure 10 - Lightning Strike Attachment Test No. 18. Flashover
o to Label.
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Figure 11 - Lightning Strike Attachment Test No. 19.
Flashover to Edge of Graphite Around Cap.
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Table 1 - Lightning Attachment Tests on
Fiber Science Fuel Tank (PN 2191-001, SN 006)

Electrode Position

Results

Photograph
Figure No.

O o N O

10

11

12

13

14

12" from aluminum foil

12" frcom drain valve

12" from drain valve

12" from fuel probe
lower adapter screw

12" from drain valve

12" from drain valve

12" from plain area
of lower skin

18" from edge of glass
& adjacent to transi-
tion between graphite/
epoxy and glass

" tH "

18" from side of
graphite area

18" from nose fuel
filler cap

10

Waveform checkout
1,000kV/us + 50%

F/0 to edge of
composite at drain
valve screw.

F/0 to edge of
composite at drain
valve screw. Light
in interior of tank

F/0 to composite
skin

F/0 to edge of
drain valve

F/0 to plain area
of lower skin

F/0 to edge of glass

F/0 to glass 1" aft
of edge of glass

F/0 to edge of
graphite wrap

F/0 to several spots
on edge of graphite
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Table 1 - continued

Test Photograph
No. Electrode Position Results Figure No.
16 15" from spot over F/O to area several 9
inside ring inches forward of
ring
17 " " " " F/0O to area of ring
18 20" from afc fuel F/0 to label 10
filler cap
19 13" from aft fuel F/O to edge of
filler cap graphite around cap 11
20 oo F/0 to edge of cap
opening
NOTE: F/O = Flashover

11
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4.2 Physical Damage Tests

Simulated lightning strike physical damage tests (high
current tests) were conducted to determine the extent of damage
which would occur to the composite skin from a severe lightning
stroke current. In addition, a Polaroid-type camera was position-
ed so that its lens entered the interior of the tank through the
filler cap opening near the pylon. This camera was used to detect
the presence of sparking in the interior of the tank during the
high current tests. Any such sparking would normally be considered
a source of ignition.

4,.,2.1 High Current Test Circuit

A 17 uF, 50 kilojoule capcitor bank was used to generate the
test currents. The electrode was p'aced in contact with the tank
at several locations during the test. The test circuit schematic
and typical input current are shown in Figure 12,

High Volcage
Switch

—

}
'
J

High |-~
Current
Generator i

e e e - = -

< Fuel
Tank
c.T. .
To Tekcronix 3535

L _

t
t

50 kA/div 20 us/div

Figure 12 - Test Circuit Schematic and Typical Oscillogram of
Applied Current for Simulated Lightning Damage Tests.
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4.2.2 High Current Test Results

Table II presents the results of the high current physical
damage tests. Peak currents tended to be lower than the 200 ka
+ 10% peak current specified for zones 1A and 1B in MIL-STD-1757
Method TO3. This was due to the high impedance of the fuel tank
which limited the peak current. As a result, several strokes of
lower amplitude were made to several spots, so that the cumulative
damage would represent that produced by a more severe stroke. The
Polaroid camera showed that light flashes did occur during several
of the tests indicating internal sparking. Preliminary examination
of the tank interior did not reveal any evidence of puncture and
it was not possible to determine the location of the sparking that
was seen on the Polarcid photographs because the interior of the
tank could not be inspected from the existing port . Further
investigation for the location of the internal sparking will need
to be made by dissection of the tank. Photographs of some of the
high current tests are shown in Figures 13 - 21.

13
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Figure 13 - High Current Test No. 21. Electrode Over
Center of Nose Fuel Filler Cap Area.

Figure 14 - High Current Test No. 24. Electrode Over
Center of Nose Fuel Filler Cap Area.
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r Figure 15 - High Current Test No. 25. Electrode Over

Center of Nose Fuel Filler Cap Area.
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Figure 16 - High Current Test No. 27. Electrode Over
Center of Nose Fuel Filler Cap Area.
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Figure 17 - High Current Test No. 28. Electrode Over
Center of Nose Fuel Filler Cap Area.
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Figure 18 - High Current Test No. 29. Electrode OQOver
Center of Nose Fuel Filler Cap Area.
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Figure 19 - High Current Test No. 30. Electrode Over
Center of Nose Fuel Fill Cap Area.

——

e
L e e
e L e s
I T -

s —

Figure 20 - High Current Test No. 31. Electrode Adjacent
to Glass and Composite Skins in the Nose.
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Figure 21 - High Current Test No. 33. Electrode Over
Forward Central Rib.

5.0 Discussion of Results

5.1 Physical Damage

In all cases the amount of physical damage to the composite
skin was limited to puncture of the outer layers of tape and de-
lamination of a short length of tape in either direction. None
of the strikes resulted in puncture of the inner liner of the
tank, but light was detected by a Polaroid camera viewing the
inside. See Figures 22 - 24, The light indicated sparking
within the tank, but the source of the sparking could not be
identified due to inability of the camera to view the entire
inside of the tank.

20
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Figure 22 - Light in Tank Interior During
High Current Test 32.
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: Figure 23 - Light in Tank Interior During
High Current Test 33.

-

g Figure 24 - Background View of Tank Interior

‘@ As Seen By Polaroid Camera.
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5.2 Electrical Sparking

The electrical sparking noted in Paragraph 5.1 must be
considered a source of ignition of flammable fuel vapors.
Whereas the location of this sparking could not be determined
from the tests, the fact that the sparking occurred during all
of the tests, no matter where the electrode was positioned,
indicates that it probably occurred where the current exited
from the tank, possibly at the fasteners that attach the compos-
ite tank to the pylon assembly, because the current necessarily
passes through these attachments during all tests. This same
path would also be taken by lightning currents striking the tank
when mounted on the helicopter.

Determination of the sparking locations can probably be made
by dissection and inspection of the interior of the tank. Once
the locations of sparking are known, it should be possible to
design effective protection against sparking, or to isolate the
sparking from flammable vapors.

5.3 Induced Voltages

The induced voltages measured in the fuel quantity probes
are beneath the levels necessary to cause sparks in most fuel
quantity probes, but it must be remembered that most of the
electrical length of these circuits is outside of the tank, be-
tween the tank and the quantity measuring electronics located
in the helicopter. For this reasown, the measurements recorded
here can not be considered conclusive. The tank must be tested
on the helicopter to determine the total induced voltage that
may be present at the quantity probes as a result of lightning
strikes to the tank in flight.

For this same reason no measurements were made on the pylon
actuator circuits. No portion of these circuits enters the tank.
Here again, the induced voltages that may reach the actuators
are induced in the circuitry between the actuators and the heli-
copter electrical system, and a full-vehicle test is necessary
for their evaluation.
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® - Users of this document should ascertain that they are
in possesion of the latest version.

This version supersedes SAE Special Task P Report
"Lightning Test Waveforms and Techniques for Aero-

. space Vehicles and Hardware" dated May 5, 1976.
Infermation concerning the status of this document,
and additional copiea of it, may be obtained frou the
Society of Automotive Engineers, Inc,, 400 Common-
wealth Drive, Warrendale, Pa, 15096,
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1,0 I'rmODUCTION

This docunment presents test wavefornms and tech-
niques for sinulaced lightning testing of aerospace
vehiclas and harduare, The wavefcrns presented are
based on the best available knowledge of the natural
lightning enviromant coupled with a practical con-
sideration of atate-of-the-art laboratory techniques.
Thie document does not include design criteria nor

does 1t specify wiich ftems should or should not be
taosted,

Tasts and associated procedures describes here-
in are divided into two general categories:

o0 Qualificacion tests
o Engineering tests

Acceptable levels of damage and/or pass-fail
criteria for the qualification tests must be provided
by the cognizant regulatory authority #-r each parti-
cular case.

The engineering tests provide important data
that may be neceseary to achieve a qualifiable desigm,

The term Aerospace Vehicie covers a wide varisty
of systers, including fixed wing aircraft, helicop=
ters, nissiles, and spacecraft. 1In addition, natursl

lightning 1s a complex and variable phanomenon and
its interaction with different types of vehicles nay

ba manifastod in nany diffnrent vvays. It 13 t.ure=
fore d1fficulc to address cvary possihle situatiun fu
detail, lwvever, the test waveforns described .i:rein
represont the sifgntficant aspects of the natural on=-
virvonncnt and ars theroafore independent of vehicle
type or configuration, The recormecnded test techni-
ques have also been kept peneral to cover ag many
test situations as possible, Some unique situations
may not fit into the genersl guidelines; in such ta-
stances, application of the waveform conponents must
be tailored to the specific situation.

The test wvaveforns and techniques (described
herein for qualification tests simulacs the effects
of a severes lightning utril.s to an aerospace vehicla,
Where it las been el.owur: . hat test conditions can afe
fcct resulta of the te:., a specific approach is re-
comnended as 8 guideline ‘0 new laboratories and for
congistency of results between laboratories,

It 48 not intended that avery waveform and test
described herein be applied to every system requiring
lightning verification tests. The document is written
g0 that specific aspects of the environent can be
called out for each apecific program as dictated Ly
the vehicle design, perfornancs, and nissfon con-
straints.

!
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For each strokes
_ Time to peak current = 1,5 ys
® Time to Half Value = 40 pa

For the complete flash :

Initial return stroke

Restrikes

2 _
Si det = 1,9x 108 amperes2 seconds,
140 kA

® 70 kA
30 kA

Intermediate strokes

- 10
Continuing 6

- Current Final stage
L
U e ] V ] .
@ 2 10 60 110 160 460 640 700 860 Time
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to Scale)
(A) Severe negative lightning flash current waveform,
: {Courtesy of Cianos/Pierce)
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i 22 65 Coulombs up to 2 ms For the complete flash:
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; ! ©2 Sizdt = 2.5x106 ampere92 seconds
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j (B) !lnderate positive lightning flash current waveform,
|
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Figure 2-2 Lightning flash current waveforms.
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‘channel.

2.1.¢ Heatrike 'hane

In a typical lightning flaah thery will Lo sav=-
erAl hifph current atrokea following the firat retumm
ottoke, Thcme occur at intervols of sevoeral tens of
milliscconda se Jiffarunc chatgre poclets in the cloud
ara tapped and their charge fed into the lightning
Typically the pesk auplitude of the ra~
strikas 1s alout one Lalf that of the taitisl high
cutrent paak, but the rate of current rise {e often
greaater than that of the first return stroke, The
continuing current oftea linka theme various success~
{ve raturn strokas, or rcetrikes,

2.2 Aerospace Vehicle Lightning Strike Phenonana

2.2.1 1Infttal Actaclment

Tnirially the lightning flash will enter and exit
the afrcraft at two or mors attachment points, Thers
will alvaya be at least one entrance point snd one exit
potnt, It s not possible for the vehicls to store ths
electrical energy of the lightning flash in the capaci-
tive fileld of the vehicla and 3o avoid an axit point.
Typically these initial attaclment points are at the
extrenizi{es of the vehicle. Thesa include the vosa,
wing tipa, elavator and stabilizer tips, protruding
antsnoaé, and engine pods or propeller blades., Light-
ning can also attach to tha lsading edge of ewapt wings
and sone control surfaces.

2,2.2 Svept Stroka Phenomenon

The lightning channal is somewhat stationaty in
apace wvhile it is transferring electrical charge,
Wien a vehicle is jnvolved ft becomes part of the
channel. However, dum to the speed of the vahiclas
and the length of tima that the lightaing chansel ex~
ists, ths vehicle can move relative to ths lightaing
chaopel, When u forwvard extremity, such as & nose
or wing mounted engine pods srs involved, the surface

Vhan the 1 hte
ntnn channal appuars to awoup Luck uver the arfnce

movon through the 1tghtning clunmel,

ao 1lluntrated in Pipure 2-3,  Thin te lnown an the
wrept ntroke phunoncnon. An the nwoeping action ve-
curg, the type of wurface can cause the Jaghtudng
channel attach point to dwell at various surface o=
cntions for diffcrent periodo of tine, rosultiun in
a skipping action which producen 3 gericn nf aln=
crete attachment points alonr the awueping path,

The Joount of Janape produced at any point on
the aircraft LY a swept-stroke dcpande upon the type
of naterial, the arc dwell time at that point, and
the lightaing cutrents which flow during the attache
ment, Both high poak current restrikes with iuntare
wmodiate current components and continuing cutrenta
®may be cxperiencod, Restrikea typically produca ro-
sttachnant of the arc at a new point,

\When the lightatng arc has heen 3juept back to
one of the trailing edges it may remain attached at
that point for the reraining duration of the light-
ning flash, An fnitial extt point, 1f it occurs at
& tralling edge, of course, would not be suhjected
to any svept stroke action.

The significance of the swept atroke phenonenon
{s that porticne of the vehicle that would not be
targets for the initial entry and exit point of 8
lightning flash cay also Le involved in the light~
ning flash process as the flash ls gswept backwards
acroas the vehicla.

2.2.3 Lightning Attachment Zones

Alrcraft surfaces can then be divided {nto thral
zones, with each zone having difforent lightning ac<
tachnont and/or transfer characteristice. These ar
dafined as follows:

Zone 1:
1a a high probability of inicial lightning tla

Surfaces of the vehicle for vhich th‘i
attachoent (entry or exit).

Figure 2-1

W N D

R R

Swept strake phenumenon.
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Zona 21 Nucfaces of the vehiclo across vhich
thare i{a a high probalility of & LIRhtning flaah
being svept by the sirflow from s Zone 1 potat
of tnitial Clash attachaent,

Zous 31 2008 ) tncludes all of the vahicle
areas other than thoess coversd by Zone 1 aod
Zoos 2 reglons, Ia Zude 3 thets 18 & low probe
ability of any attachnant of the direct light=
alog flash are., Zone ) aress nay carry sub-
scantial amounte of electrical current dut oanly
by direct conduction between some pair of dir-
eCt of suwept stroka attachment pointa.

Zooes 1 and 2 cay ba further divided into A end
B regions depanding on the probability that ths flash
will hang on for sny protracted period of time. An A
typs region is cos in vhich there 1s low probabtlicty
that the arc will remain attachad and a B type Ctegios
1{s ooe in vhich thera (s a high probabtlity that the
arc will cesain attsched. Sona exsnples of rones are
ae followe: ¢

Zooe LAt lnitial actachmeat point with lov probe
ability of flash hang-cn, such as & leading edge,

2ane 1Bt 1Initial ectachoent point vith high prob-
ability of flash hang-on, euch as s treiling edge.

2one 2At A svept otroka sons with lov probadile
ity of flash haog-on, such as s ving nid-span.

Zona 2Bt A wwept etroke sone with high praoba-
bility of flaeh hang-on, such as & ving inboard
trailing edge,

2,3 Aerospace Vahicle Lightning Effecte Phencuena

Tha lightoing effects to which aercspace vehi-
cles are expoged and the effects wvhich should bs te-
produced through laboratory testing vith sisulated
lightaing vaveforms can Se divided into DIRECT &P~
FECTS and DNDIRECT EFFECTS. The direct effects of
lightning are ths burning, srodiag, blasting, and
atructursl deformation csussd by lightning ate at~
tachment, as wall aa the high-pressurs shock vavas
and aagnetic forces produced by the associsted high
currenta. The fodirect effects are pradominatly
those resulting from the f{oterscticn of the elactro- -
magnetic fields sccompanying lightning with electical
apparatus 18 the aircraft., Bazardous indirect effecce
could 1o principle be produced by a lightuing flash
that did not directly comtact the aircraft sud hance
vas not capable of producing the direct effects of
burning and blesting. Bovaver, 1% is currently de-
1ievad that most {ndirect effects of (mporcance will
ba assoclated with a direct lightoing flash. In scme
cases both direct and indirect effects 28y occur to
ths seas coupouent of tha sircraft. An aaasaple would
ba a lightning flash to an satsnna vhich phyeically
danages the antenns and also sends dansging voltages
into the transmitter or recaiver connected to that
sntenna. In this document the phyeical damage to the
antanns will ba discussed ae s direct effect and the
voltages of currants coupled from tha sotenna into
the communications equipment will be treated as an
indirect effaect,

2.3.1 Direct Ff{pcty

Tha bature of tiie particular direct effscts ae-
sociatid with sny lightning flash depends upon the
structural component involved and ths particular
phase of the lightning cutreat trsvefer discussed
sarliac,

2,3.1.1 Burning and Proding

The comtinuing current phase of & lightning
etroks can Ceuse severs butning sand eroding demage
to vehicle structures, The most severs damage oc~
cure vhea the lightoing channsl dwells ot hange on
at ons point ou the vahicle for the entire paricd of
tha lightning flash, such as in Zone 1B, This can
rosult in holes of up to & few centimetere in dis~
mater oo the atrcraft skia.

2.3.1,2 Vaporitation Pressure

The high peak current phase of the lightning
flaah transfers a large amounot of enargy in a short
period of tima, a fev tens of aicroseconds, Thie
anergy transfar can result io a4 fast thermal vaporiza=
tion of natardal. 1If this occures in a counfined area
such ae a redome, & high pressure may be crested
which may be of suffi{cient magnitude to cauves
structural danage, The vaporization of metsl and
other catarisls and the heating of the air instde
the radome, create the high intaernsl pressurs that
leads to structural fstlure. In some inetantcas
{ntire radomes have been blown from the alrcrafe,

2,3.1,3 Magnetic Porce

During the high peak curreot phase of the light~
ning flash the flow of current through sharp beode
or corners of the alrcraft structura cap csuse ex-
teasive asgoatic flux interaction. In certain coeeas,
the tesultant magustic forceas can twist, rip, dis=
tort, and tear structures avey from rivets, screve,
and other fseteners. These nagnetic forces are pro=
portioaal to the square of the magnetic field inten-
sity and thus are proportionsl to the squars of the
lightning current, The danage produced 1s related
both to the magoetic force and to the response time
of the syetem,

2.3.,1.4 Pire aod Cxplosion

Pual vapors and other coabustibles may be 1§~
nited {n several wsye by & lightoing flash., During
the prastrike phase high electrical etrasses around
the vehicle produce streanmers from the sircreft ax-
tremities. The design and location of fuel vents
deteruing thair susceptibilicy to atresasr condi~
tions, If stresners occur froe a fuel vent in vhich
flaomeble fuel-sir aixtures ste present, iganition
way occur. If this iguition ie nat arrested, flamas
can propagate iato the fuel tank ares and csuss a
sajor fual exploesion,
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The flow of lighening current through vehicle
structures can cause sparking at pootly bonded scruc-
ture interfaces or joincs. If such sparking oceurs
vhere combustibles guch as fuel vapors arze located,
ignition ray occur,

Lightning attaching to an integral tank ekin
wly punctute, bura holes in the tank, ot heat the
inside surface sufficiently to {goite any flarmable
vapors present.

2.3.1.5 Acoustic Shock

The air channel through which the lightaing
flash propagates ie nearly inetantanecusly heated
to a very high temperature. When the resulting shock
vave inpinges upon & surface it may produce a de-
structive overpressure and cause mechanical danage,

2.3.2 Indirect Effacts

Danage or upsat of electrical equipnment by cur-
rfants or voltages is defined as an indirect effect.
In chis document such damage or upset is defined as
an indirect effect even though such currents or volt-
4ges may arise as a result of a direct lightning
flash attachment to 2 plece of external electrical
hardwore. An example would be a wing-tip navigation
light, [f lightning shacters the nrotective glaas
covering or burns through che setallic housing and
contacts the filament of the bulb, curreat can he
injected into the electrical wires tunoing froo the
bulb te the power supply bus. This curreat may buen
or vaporize the wvires. The associated voltage surge
®ay causa breakdown of lpsulation or damage to other
electrical equipoent,

Even if the lightning flash doea not contact wir-
ing directly, it will set up changing electromagnetic
fields around the vahicle. The netallic structure
of the vehicle does pot provide a perfect Faraday
cage electronagnetic shield and therefore gsooe elec-
tromagnetic fielda can enter the velilcle, eftlier by
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diffusion through metallic skins ot direct penctra-
tion thirough apercutes such as akin jointeg and vin-
dovs or otlier nonnetallic ncctions., Tf tha cialdn
ara chanjing wvith respect to time and )ink clectri-
cal eircuita {nstde tha vehicle, they uill fudunc
tranalent voltages and currents intn theac circultn,
These voltages may be hazardoua to avionic and ulec-
trical aquipment, as well as a source of fual Ipni-
tion,

Voltages and currents may also Le produced hy
the flow of lightning current through the resiatance
of the aircraft structure.

2.3.) Cffects on Personnel

One of the nost troublesore affucts on personnal
1o flash blindncss. Tiis ofcen necurs ta flipght creov
mamber(8) who nay Le looking out of clie vehicle (n
the direction of the lightning flash. The rasultinj;
flash blindnesa ray persist for perinds of 30 seconda
or nore, rtendering the crew menmber temporarily unabla
to use his eyes for flight or instrument-raeading
purposes,

Personnel {nside vehicles may alsn be subjecctad
to hazardous effects from lighetning strikes. Scrious
electrical shock may be caused by curtents and volte-
sges, conducted via control cables or wiriang leadinn
to the cockpit from control surfacea or other hard-
ware struck by li{ghtning. 3Jliock can also he induced
by the intcnse rhunderstorn electromagnetic fiaelds,

The shock varies fron nild to serfous; quffi-
cient Co cause nunbnegs of hands or feet and sone
disorientation or confusfon, This can be quite haz-
ardous in high-performance aircraft, particulacly
under the thunderacorm condttiona during which light-
ning strilkes generally occur.

Tcats to evaluate these pearsonnel affects are
not included {n this docuzent,
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3.0 STANDARD LIGHTNTNG PARANMETYR SDRANATION

3.1 Purpoas

Complete natutal lightning fleshes canrnt Le du-
plicated {n the laboratory, !ust of the voltage snd
curreot charscteriatics nf lightning, hovavar, can be
duplicated aeparataly by labaratory genwrators. These
charactoristics are of two broad categoriest The
VOLTAGES produced during the lichtaing flash and the
CIMRENTS that flow 4n the completed lightning chaonel.
With & few exceptions, 1t 1s not aacessary to simu=
late high-voltage and high-current charactaristica
together,

The high-voltage charactarintice of lightning
doteraine aztaciment polnts, breskdown paths, esd
Streaner affects, wheress the ecurrent chaructariacica
daternine direct and {ndirect effects.

In cost cases, lightning voltages are einulated
by high-{mpedanca voltage geterators operating into
high-inpedance loads, while lightning currents are
stmulated by low-impedance current genarstors operate
ing into low-lapedance loads.

The waveforns Jescribed {n this section sre {de-
alized, Deffinitions relating to actual vaveaghapes
are covered in ANSY end IYEE Standard Technigues for
Dielectric Teata, ANST C68.1 (1968) aad LIEEC No. &,
These specificaticns are equivalent and are in tura
¢quivalent to Aigh Voltage Teet Technigues, IEC 60-2
(1973). The defintticns In thesn docucents should
ba used to detarmine the froat tise, Juration aod
tate of tise of actual vaveloms.

Severe lightning flash voltage and current vave=
forms, as described {n Paragraph ),2 tave been de~
veloped for purposes of qualificaztion testing: wvave-
forms tn Paragtaph 3.) are for R6D or screening test
purposes snd are designated enginesring tasts.

< VOLTACE
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3.2 \Maveforn Nescriptiona for Qualificuting Teats

3.2.1 VYoltaye Vaveforas

The baeic voltage waveform to Wilch vehticles are
subjectad 1s one that tisss uncil hireakdown octurs
either by puncturs of solid theulstion or finshover
through the atr ur scross an tnsulating sutface, The
path that the flashovar takes, alther puncturs or sur-
face flanhover, depands on tha Tate of riee of the
voltage as showm in Figute =1,

During soas typee of testing it is necassary to
deterwine the critical voltage anplitude at which
breakdown oceuta. This eritical voltage level de=
pands upon both the raie of rise of valtage and tha
tate of voltage decay. Two axsaples are (1) detar-
wiaing the stiength of the Lneulation uscd on electri-
cal wivring and (2) deternining the points fros vhich
elactricel streanere occur on & vehicle as a lightaing
flesh approachas.

Although the axact voltage vavefnrm produced by
natural lightning s not knowa, flight service data
and conservative tast philoeophy justify the defini~
tion of faet rising voltage wvaveforms for the tasts
just described. Voltage testing for nualitication
purposss thue calle for twa different standacrd volt-
age vaveforus. Thesa are ahown (o Pigure 3}-2 and are
described in the follouing sacticas. The qualifica-
tioa tesis tn wvhich thase vavefurms are applied ate
pressnted in the test matrix of Table 1. The objece
tives of vach test, the teet setup, meagureczant and
deta rejulresents are degcribed in Swction (.0,

Voltage waveforms that would

sceur 1f punctute or flashe
over did not accu?
/
“ A faat rate of voltage cise

/’_//Ilclds to puncture atg V2

A alower rate of voltagze rige
leads to flashover at V1

Time lag cutve for
puncture of snlid 1nsulating

Time lar curve for f{lash-

ovar through alr

Fieure )-1 Influence of rate of rise on flashover path
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3,2.1.1 Voltage Wavefota A - Bagic Lightuing
Yaveforn

This vaveform cives at & cate of 1000 kV par
nicrosecond (#3502) unt{l ite increass is intarrupted
by puncture of, or flashover acrass, the object undar
tast. At that time the voltsge collapses to taero,
The tats of voltage collepse or the decay time of the

voltage if breakdown does aot occur (opea sireuit

wolcage of tha lightaing voleage genucator) 4s not
spacified. Voltage vaveform A ia ehown in Pigure
2.

3.2.1,2 Voltage Vaveform B - Pull Wave

Uaveform B 1s a 1.2 x 50 microsecond vaveforn
which i{s the electrical induatry standard for impulse
dielectric tasts. 1t £ises to crest in 1.2 (+201)
aicroseconde and decays to half of crest amplituds
1o 50 (#202) microseconds. Time to crest sod dacay
tise refar to the open circuit voltage of the light-
aing voltage genarator, and asseune that the wvave-
form 1s oot limited by puncture or flashover of the
object undet tesc. 1This waveform s shown on Pig-

" ure 2.

3.2.2 Current Wavefarmus

It ls difficult to reproduce a severs lightning
flaah by laboratory eimulatfon because of inhareat
factlicy limitations. Accordingly, for datermining
the effects of lightning curranta and for laboratory
qualificetion testing of vehicle hardvare, an {daal-
1zed reprasentation of the comyonents of & severe
l1{ghening flash incorporating the importan: aspects
of both positive and negative flashey has baen de-
fined and 1@ ehown on Pigure 3,

Por qualificatica testing, there are four com
ponsats, A, 8, C, snd D, used for detarmiaatloa of
{ract affects aud ctest waveform B uscd for detar-
ainactioo of indirect effects, Conponents A, B, C,
ari D sach siculate a diffsrent characteristic of the
curtmt in & nstursl lightuing flash and are shown on
Pigure }3, Thay are applied individually ot as a
composite of two or core components together (o oue
test. There ars vety fev cases in vhich all four com-
ponents aust ba applied {n one test on the sane test
objact. Rise time or tvace »f change of current has
little effact on phyaical dacage, and accordingly has
oot beeo specified tn these compocents. Current wvave-
forn £, also shown on FPigure 3-3, {s inteaded to deter-
eine indirect offects. Whan ev~luating indiract ef-
facts, rate of change of current i{s important and s
specified,

Tha tasts in vhich thase vavaforms are appliad
are presentad in Tabla 1. The objectives of each test
along vith sstup, messuranent, sad data rsquivements
sra described ia Sactioca 4,0.

3.2.2.1 Componsnt A ~ Initisl Righ Peak Curreat

This coaponent sinulates the firet rature etroks
snd {s chacscterized by & pesk amplituda of 200 kA
(£10%) and an action integral (Ji7dE) of 2 x 10
anp‘-eeconds (+20%) with a totsl time duration not
exceeding S00 microseconds.

The actual waveshape of this componant ia pute
posely laft undefined, bacause {n laboratory simulae- L
tion the wevcahape 1s etrongly fufluenced by the type i A
of surge genarator used and the characceristice of
the davice under cest. HNatural lightoing cutreats
eTe uoidirectiocaal, but for laboratotry simulation
this componant may be either unidiractional or os-
cillacory.

3.2.2.2 Coaponent B - Intermedfate Cutrant

This componsat simulates the intsrmediate phase
of a lightning flash in which curteonts of eaversl
thoussand snperes flov for times oo the order of sev-
etal milliseconds. It is characcerized by a current
surge with an everage curteat of 2 kA (+102) flowing
for a cuxioum dutation of S atlliseconds and a maxi-
smm charge transfer of 10 couloobs. The waveforn
should te uaidirectiooal, e.g. rectangular, axponen- 9
tisl ot linearly decaying.

3.2.2.) Couponent C - Continuinz Curreot

Componeat C gimulstea the continuirg current that
flovs during the lightning flash and trangfere nost ;
of the elsctrical clarge. This compoaent must trana- ;
fer a charge of 209 couloubs (+20%) {n a tine of be-
tveen 0.25 end 1 second. This impliese curcenl snpli-
tudes of between 200 and B8N0 amperes. The waveform
should be unidirectional, e.g. rectaangular, espooen=~
tlal or linesrly decayiog.

3.2.2,4 Componeat D - Restrike Current

Conponeat D simulates a subsequent high peak
current, It is characterized by a pask lrwplltudebof
100 kA _(+10%) and an action integral of 0,25 x 10
mperez-ucond (+202).
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..0.3 nicroserond, as shown in Fipure 1-1,

3.2.2.% Currant Yavefurm T - Paat Nate of Niae
Stroka Test for Full-Sizs llardwara

Curcent wavafors £ eirmlatce a full-acale fast
rate of rise stroke for teating vehicle hardware
which at full acale would be 200 kA at 100 kA/ps.

Tha peak amplitude of the derivative of this vaveforn
wmuse be at least 2% kA pcr mictosccond for at least
Currant
vaveforn T han g niniwun antiende nf 50 1L\, An amp=
lteude of 50 kA s uned ta enable testing of typical
aircraft couponante with conventional labaratory lipht=
ning current genarstors, The action integral, fa)l
time, nnd the rate of fsll atre not npecified, 1f de—
sired and feasible, componcnts A nr O nay be applied
with a 25 KA per mictonecond rate of rise for at least
0.5 nicrosecond and the direct and indirect cffects
evalustion conducted simultanoously,

3.3 ‘aveform Descriptions far Cncincering Testas
3.3.1 Purpose

Lightning voltage and current wvaveforms describe
ed in the following paragraphe hive been developed
for enginearing design and analystis.

Ths teste {n vhich these wsveforns are applied
are praescntad Ly Tsble 2. The cbjectivas of each teest,
along utith satup, nessurenent and data requirenente
are dascribed in Seccion &,0.

3.3.2 foltape Vaveforms

Tiring tests on nodel vehicles to determine pos~
sible attschoent points the length of rap used bee
tueen the electrode einulating the approaching leader
and the vehicle depends upon tha nodel scale factor.
During such ctests it ts desirable to allow the streanm—
ers fron the nodel sufficient time to develop.
Accordingly, for codel tests 1¢ {s necessary to etand-
ardize the tine at which breakdown occurs, even though

the race of tise of voltage §s Jiffarent for differecc
teste,

It has baoen determined {n laboratory testing that
the resulte of attachnment point testing are influenced
ty the voltage waveform. Fast rising waveforms (om
ths order of a few nicroseconds)} produce s relatively
fes nucber of atcach pointe, usually to the apparent
high t1eld regioas on the nodel and all such attach
poirte are classified as Zona 1. Tast rising vave-
forms lave been used for practically all sircrafc

mndel attach pofnte temts & the 11,5, Slow front wrve=
forme {on the nrdet af tundreda nf nicroanconde) pro-
duce a groster apread of attach pointe, poesibly in-
cluding, attachmenta to low fSeld rugtona, Thorafore
tha tast dr s nmust be analyged Ly appropriate statie=-
tical methods in defining Zone 1 reglons.

Tvo high voltapge vaveforms are described in the
following paragraphs and shovn on Pigure J~4, The
firat 10 & fost wavcforn which fs to bs used for what
wvill be termed "foet front rmodel teats.” The second
wvaveform 1s a alov rising wvaveforn vhich will La em~
ployed for "slow f{ront model tests.”

3.3,2.1 Voltags Vavaform C - Fast Pront liodel Tests

This {e a chopped voltage waveforn in which tlaeh-
over of the gap between the model undsr c.st and the E
test alactrodes occurs st 2 microssconds (+301).
The amplitude of the voltage at tine of flashover
and the rate of rise of voltage prior to breskdown
sre not specified, The vaveforn 1s shown on Figure
1.4,

3.3.2.2 Voltage !laveforwm N - Slow Pront !fodel Teste

The slovw fronted vaveforu has s rise time betwesn
$N and 250 microseconds so as to allow time for streamn—
ers from the nodel to develop. It should give s higher
striks rete to the low probability regions than othar~
vise might have been expected.

3.3.) Current Vaveforws

Current waveforn conmponents F and G, showm on N
Pigure 3-3, are intended to detarmine indirect effects
on very large hardvare and full size vehicles. Thess
vaveforns are specified at reduced amplitudes to over-
cone inharent full vehicle test circuit linitations
and also to allow teating at non-daestructive levels to
be made on operstional vericles at nop-destructive
levels, Scaling vill depend on the nature of the coupe
liog process as detsiled in the following paragraphs.

3.3.3.1 7Test Vaveform P - Reduced Anplitude
tnidirectionsl Yaveforn

Componeat F sioulates, at a lov current leval,
both the rise tice and decay tima of cha return etroks
curvent pesk of the lightning flash, It has a rise
tine of 2 nicroseconds (+20I), a decay tise to half
anplitude of 50 oicroseconds (+201) and a ainimm
snplitude of 250 aaperas. Indirect effects cessure—

vents nade with this cocponent nust bs cxtrapolsted
to the full lightning current anplitude of 200 kA,




1.3.3.2 Tast Havaforme G; and Gz = Damped Oscillatory
Wavelorus

Tast rate of rise current waveforus aod higher
smplitule vaveforms may cften be usafully erployed for
indi{rect affectas tasting. Por indirect effects de-

_pandont upon resistive or diffusion flux effects (l.s.

not apartura coupling) a lov fraquency ocscillatery
curtent - wvavsform G,, in which tha pertiod (1/f) e
long conpared with tkc diffusion time, should bas ueed.
Tids raquires a fraquency, f, of 2.3 kiloharcz or

lowver ({.s. the durstion of each half-cycle is squal

t0 oF greater than 200 me), -Whare casistive or Jdiff-
usion effects are massured, the scaliog should be in
tetms of che peak current, vith full scale bdeing 200 kA,

For indiract affacts dependent upon aparturs
coupling the high frequency curtent, wavefors G
should be used. The maximm fraquency of _vnfgm [
should be oo higher than spproximately )00 Khz ot lliO
of tha lowvaest natural rasonant frequency of the atire
craft/return circutie, whichever is lover, iMaere aper-
tute—coupled affects are measured the ecaling should
be in terms of race—of-rise (d41/dt), vith full ecsle
baing 100 kA/pa.

When testing composite structuree with wvefors
G,, resistive and diffusion flux i{nduced voltages usy
oGcur as vell as aperture couplad voltages, and re—
sultes should be eceled both to 200 kA and to 100 kA/ps.

1n
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VOLTAGE VNLTAGE
UAVEFORH WAVEFORM
A a
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! . '
. \ 5 ' S ' Plaehovaer }
e ‘ |
o |
3 | | 502 of cresz amplitude
[ )
: 3 | ! i .
! 3 | | l
. - [
[ | | \
. I I '
' 0 [ 1.2 ps & 203 S0 ue + 20%

Time (Not to Scalae)

. Figure 3-2 Idaslized High=voltaga test waveforma
..; ] for qualification testing.

CURRENT COHPONENT A
(Initisl Stroke)
Peak amplitude =« 200kA + 102

Definition of rate of rise require=~
aant of test wavefore E,

.‘ Action Integral = 2x109A2 Current
. seconds * Z0 current CURRENT C(MPONENT D Rate of Riane
Time Nuration < 500us . (Restrike) :
Peak anplitides 100kA + 103, |
CURRENT COMPONENT 8 Action integrale 0.25x10° A ? 28 |
e o ds + 202 - s
(lntermedtate Current) seconds 2 kA/pus AL
< “ax{mun Charge Tranefers 10 foulombs TU™® Duration < 500us N\,
< Avergae Anplitudde 2kA + 102 v
'y 3 s = —z.one N~
. URRENT COMPOENT C i
) S (Conttnuing Cucrtent) Current i
- Charge Transfar « 2 )
2 200 Coulombs + 203 30 WAl -~
it h Anplitude = 200- B00A N
| e ] \
1 § {
- |
s ' ,
8 [¥] [ t
! [ | |
I—( 5%x10~3 eec —0T~0.25 sec s Tsu l nc-.l

CURRENT WAVEFORM €
Pesk awplitude 2 50 kA
Tima (Not to Scals) Rate of Rise 225 kA/ue
for at lesst 0.5 pa,

Pigure 3-1 Ideslized current test vavafors components
for qualification testing.




VOLTACE ' VOLTAGE
WAVEPORM WAVEFORM
[ ]

Flashover Tlashover

voltage
Volzege

a /-f 30 co 250us

Pigure 3}-4 1Idealized high voltage waveforms for enginearing tescs.

CURRENT WAVEFORM F

fl' 2us * 202 CURRENT WAVEFORMS Gl and Cz k
1,% SOus + 502
Péak anplitude _ 1 Waveform Cl § 2.5 kHe (see Pars. 3.1.31.2)

250 amps. l"'l' -t

Uavefoerm 2 ¢ 300 kHx (eee Para. 1.3.3.2)

502 of
Creat
Amplitude

N\
I N \/\J
Tine

(Not to Baale)

Current
Current

it

Figuce 3-$ ldealized current wavelorms for englnecrinpg tests.
Peak mplitudea ars nat the same.)

(Note:
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& Table
b
- Application of Wavefurms for Qualification Teats
E Voltagc Tcet Technique
N Test Zone  Waveforns Current ‘Yaveforms/Components  Para, No,
N A B D A B c D E
-
‘ Pull size hardware
: " attachment point 1A,8 X X 4,1,1
Direct effects -
structural 1A X X 1‘1102. “-1.2'201
J " 18 x x x X 4.1.2, 4.1,2.2.2
: " 2 x x X 4.1.2, 4.1.2.2.9
3 ' " 28 x x X 4.1.2, 4.1.2.2.4
N " 3 X X 4.1,2, 4.1.2.2.9
L
: ! Direct effecta =
combustible vapor Same current components as for structural tests ¢.1.3
i ignition .
I Direct effects -
C gtreamers X 4.1.4
v
S Indirect effects -
1 external electrical 3
' hardware X 4.1.5
0 §
¢ "\ Note 1. lise average current of 2 kA + 10X for a dwell time lens than
S milliseconds measured in Tcst 4.2.2 up to a maximum of 5
nilliseconds
Note 2, Use average current of 400 amp for dwell time in exceaa of §
j msec as determined by enpgineering tests,
' Hote 3, Indirect effects shoud alse be measured with current components
'.i A, B, C, D as appropriate to the test zone
| Note 4. The appropriate fraction of component 'C"
! expected for the location and surface fintsh,
i
[ ¢ : Tabla 2
; Application of Waveforms for Engineering Tests
Voltage Test Technique
Test Zone Waveforne Current Waveforms/Components Pars. No,
] c D c E .7 Gy G,
."! G
Model afircraft
lightning attachment
point test
Fast front X 4.2.1
Slow front X 4,2.1
1
.)i Full size hardware
attachment test 2A X X 4.2.2
Indirect effects =~
complets Xor X + X 4,2.3
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TEST TECWIIQUES

The simulated lightning waveforns and components

. to be used for qualification testing are pregented in

Table 1. This table gives the current components that
will flow through an aircraft structure ot specimen in
aach zone. In some cases, however, not all of the

F @rrent conponents specified in the table will contri-
' bute significantly to the failure mechanism.

There~

. fore, in principle, the non-contributing conponent (a)

‘can be omitted from the test.

If components are to

' Yq onicted from a test for this reason, the proposed
. test plan should be agreed upon with the cognizant

reculatory authority.

Table 2 presents waveforms suggested for engin-
ecring tcats. The objective of each qualification or

. engincering Ctest, setup and meagurement details and

data requitements are deacribed in the following para-

[ sraphs.

8:
A

4,1.1 PFull Size Mardware Attachment Point Tests =
Zone 1

4,1.1.1 Objectivg

¥ Tis attachment point test will be conducted on

Qualification Tests

| full size structures that i{nclude dielectric surfaces

to determine the detailed attachment points on the ex-
ternal surface, aod 1f the surface is nonmetallic, the
path taken by the lightping arc in reaching a metallic

struccture.

4,:.1.2

‘:he electrode and the grounded test object,

Waveforms

Test voltage waveform A should be applied betveen
In the case

iof test objects having particularly vulnetable or flight-

4,1.1.3

ericical components it may be advisable to repeat the
@1te usiop waveform N as a confirmatory test.

Tesc Setup

The teet object should be a full~gcale produc=-

 t1on line hardvare conponent Oor a representative pro-

totype, since minor changes from design esamples or
@ totypes may change the lightning test results.
All conducting objects within or on nonmetallic hard-

unte that are normally connected to the vehicle when

{netalled in the aircraft should be electrically con-
acceed to ground (the return side of the lightning
geuerator). Surrounding external metallic vehicle
e:-icrure should be eimulated and attached to the
e object to make the entire test object look aa
much like the actual vehicle region under test as
pusaible,

The test elcctrode to which test voltage is ap-
plied should be poaitioned ao that {its tip {e 1 meter
sy 'y from the nearest surface of the teat object.
“ enafonu of the test electrode are not critfcal,
Conurally, nodel tcats or field experience will have
tndicated that Lightning flashes can approach the ob-
ject under test fron several different directiona. If
a, the tedts ohnuld be repeared with the high voltage
a' troddie orfented to creats atrokes to the vbjoct from

; " we Jeffcrent ddrectlions,

- looked for after each teat and marked, when found,

If che test object is so sgrall that a l-mecer
gap pernits strokes to niss the test object, or if
l-tieter pap 1s inappropriate for other reasons,
shorter or lonpger gaps cay be used, Ilultiple flash-
overs ghould be applied from each electrode positionjs
Teats nay be commenced with either positive or nega=
tive polarity. 1If test electrode positions are fou
fron vhich the simulated lightning flashovers do not
contact the test pilece, or do not puncture it 1if it
is nonnetallic, the tests from these sanc electrode
positions should be repcated using the opposite
polarity.

4.1,1,4 !NMeasurements and Data Requirenents

Measurements that should be taken during these
tasts {nclude the following:

a., Test Voltage and Anplitude Yaveform. The
voltage applied to the gap should be measured. Pliotd
graphs of the voltage waveform shouuld bec talien to es
tablish that waveform A is in fact being applied,
Voltage measurenents should he made of each test vol
age waveform applied since brealidown paths, and henc
the test voltage, may change. Particurlar attention
should be given to assuring that the gap flashas ove
on the vavefront. 1f a flashover occurs on the wave
tail, the test should be repeated with the generator
set to provide a higher voltage or the test electrod
poeitioned closer to the test objact so as to produc
flashover on the wavefront.

b, Attachnent Pnints and/or Breakdown Paths
The voltage generacors usad for these tests are high
inpedance devices. The test current may be much less
than natuyral lightning currenta. Consequently, they
will produce nuch less danage to the test object tha
a natural lightning flash, even though the breakdown
will follow the path a full-scale lightning atroke
current would follow, Occasfonally a diligent searciy
will Le required to find the attachment point on uet
sla or the breakdown path through nonmetallic surfac
These attachment points or breakdown paths should be

with nasking tape or crayon markings to prevent con-
fusion with further test results.

4.1,2 Direct Eifects - Structural

Objective

These testa determine the direct effects which
lightning currents may produce in structures,

401-2:1

4,1.2,2 Vaveforns

Simulated lightning current waveforu cooponents
should be applied, depending on the vehicle zone of
the tedt object, as follows:

4,1.2.2,1 Zone 1A

Waveform components A and B ghould be applied,




atd

4.1,2.2.2 Zune 13

Uaveform componnnté A, B, C, end N nhould he
applied in chat order, Lut not neceamarily as one
cootinuoue disclarge,

4.1.2.2.3 Zone 24

Although Zons 2A (s & evept stroke zone, statie
togts can be conducted once the attachmant pointe and

"dwell timas have heen detetmined, Cutrent components

D, B, and C should bLe aspplied ia that order as appro~
priate to the following discussioa.

High peak curcent restrikes typically produce
To-attachment of the arc at & nev point. Therefors,
cugreat compocant D {s applied fyret, Ths dwell time
for componants B and C Ln Zone ZA nay be detarmined
from svept sttohe tests ss described (o Paragraph 4.2.2
or, slternatively, & worat casa dusll tise of 50 milli-
taconds may be sssumad uwithout conducting swept stroke
tecots. Tha tining mechaniem of the genarator produc-
ing component B should be set to allow current to flow
into the test object (et any eingle point) for the
raxioum dvall time at that point se determined frow
the dvell point tests. If the neasured dwell tine is
greater than 3 milliseconds or 1f & 50 msillisecond
dwell cima has baen sssumed, the componeat 3 currout
should ba reduced to 400 smperes (component C) for
the dwell cime in excass of $ nilliseconds. If the
sessured dwell time 10 less than S ntlliseconds, com=
ponent B should ba applied for the length of time
resoured, dovn to 4 mintasum of 1 nillisecond.

4.1,2.2,4 Zopa 2B

Currant coumponeots B, € and D should be applied
in that order.

£.1,2,2,5 Zons 3

Current components A and C should be applied in
that order to teet objects in Zooe 3. The test cur-
rente should be cunducted into and out of the test ob-
Ject 1o & canner similar to the vay lightaing currents
would ba condncted thtough the afrcraft.

4,1,2.3 Teet Setup
4.1,2,3,1 Test Clectrode and Gap

The test currants sre deliversd from a test elsc-
trode positionad sdjacent to the test object. The test
object 1s connuctad to the returo e¢ide of the gener-
ator(s) so that test current can flow through the ob-
Jece {n & reslistic msncer.

CAUTION: There may be intaractions betveen the arc

currant carrying conductores. Cars oust dbe takan
to sseure that thess interactfoons do not tnflusnce the
test results,

The electrode materisl should be a good electri-
csl conductor with ability to resist the erosion pro-
duced by the test currents involved, Yallow braes,
stesl, tungsten and carboo are suitable elartrode ma=
ter{als. The shaps of the electrode 1s ususlly a
rounded rod firmly affixed to the gezerater output
teroinal snd speced st & fixed distance above ths sur-
face of tha test abject,

A S e a-h Al S S T e T

The polarity of conponenta A and D can Le cfther
ponttive or negntive, The jalarity of the kenerators
uwal to produce cowjonents B and C ahould be wnat oo
that tho alnctrnde fe negativa with reepact to the
teat objact, hecause greater damage fs gunarally pro-
ducad vhen the tast object fs at poeftive polarity
with reapnet to the test eslectrode.

4.1.2.4 !easurcnents and Daca Requiremonts

Heasurenmente for thess tests include test current
anplitude(s) and wvaveforo(a)., T[nitctal etroke, restrike
and intersediace current cosponents may be measured
wvith noninductive runistive shunts, current tranaform~
ers, or Rogovak! coils, Continuing currents may be
acasurad vich resistive shunts., The output of each of
theee devices should ba measuted and recorded.

NOTE: 1Indirect effacts seasuraments are fre-
quently required for external electricel hardvare,
as apecifiod in Paragraph 4.1.6. 1If dowired, some of
thess measurerents can be oude during the direct
effects tasta,

Since the conditiou of the test object or other
parts of the test circuit may affect thie test cur~
rent(s) applied, messurements of theee patametars
should be made during each tes: applied, and the de=
taile of tha teet setup recorded for each test,

4,1,3 Direct Uffects - Cosbustible Vapor Ignition Vis
Skin or Component Puncture, Hot Spote or Atcing

4.1.3.1 Objeccive

The objective of these tests is to ascertain the
poseibility of combuetible vapor ignition se a result
of skin or component puncture, hot spot formatioa, or
arcing in of near fuel eyetems or other regions vhare
cosbuetible vapore cay exisc.

CAUTION: These teste éinulsta the poseible direct ef-
acte which nay caues ifgnition, Ignition of coabuste
ibla vapore may also be caused by lightaing indirect
effectes such as induced voltages {n fuel probe wiring,
(14N

If a blunt electrode 19 used with s very asmall
gap, the gas pressure and shock vave effects in the
confined sres may csuse dore physical darage than
would othervise be produced. The electrode should
be rounded to sllow relief of the pressure forued by
the diecharge.

Por multiple conponent testes, ths test electrods
should be pluced as far from the tecst object surface
a8 the driving voltags of the intervediate coopoaent
B or continuing current cooporant C will allov. A gap
spacing of eC least 50 cm 1s dcsirsble but a lesser
gap ol st least 10 am is required vhich will result
in rore conservative dats. 'heno cooponants B or C are
preceded by the high peak currant componaent A, the high
driving voltage of this generstor infcti{stes tha src end
subsequent componeats 8 and/or C follow the established
arc even though driven by a ouch lover voltage.

-
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4.1.3.2 Hsveforms

The ssae teaat cucrent wvaveforus should ba ap~
pliocd ae are specifiad for sgructursl dasege taats
in Paragraph 4.1,2.2.

4.1.3.3 Tase Satup

Test satup requirmmsnts ste the eame es those
described in Paregraph 4.1.2,3 for structural damige
teats, vith the folloving sdditional constiderations:

If a compleate fuel tank 1s not available or im-
practical for test, & sample of the tank skin ot othar
specinan representactive of the actual structural coo-
figuration (including jointe, fautenars sod substruc-
Cures, sttachment hardware, as well as i{aternal fusl
tank fixtures) should be installed on a lighe-tight
opening or chasber., PMwtography is the prafarred
cechnique for detacting sparking. If photography can
be employed, the chanber should be fitted with an
array of wmirrors to make any sparks visible to the
camera, HRowvever, for regions vhere possible epark-
ing ectivity caanot be made visible to the cauara,
iguition tests mey be used by placing an igniteble
fuel-air mixture inside the tack. Thie can be & wixe
¢ure of propane acd air (e.g., for propece: a 1.2
stoichiomatric mixzture) or vsporized samples of the
sppropriacte fuel mixed with air., Vaerification of the
combustibility of the mixture should ba obtained by
ignition victh & spark or cotona ignition eource ine
eroduced {nto the teet chamber immediataly after sach
lightning test in which no {gnition occurred. It
the combuetible nixture was not ignitable by this
artificlal source, the lightning test muet ba consid-
ered invalid and repeated vith a new nixture unctl
either the lightning test or artificial igaftion
source ignites the fuel,

4,1,3,4 Hessugenents and Data Reyuirenents

The sama test current ameasurements should be
made as are specified for structural damage testes in
Pevagraph 4,1,2.4,

The presence of an ignicion source should be de-
ceruined by photography of pose{ble aparking. TFor
chis purpose a caners 1s placed in the test chamber
snd the ehutter left open during the test. BExperience
ind{caces that ASA 3000 apeed film expoued at £4.7 fa
satiafactory, All lighc to the chamber interior oust
ba excluded. Any light indications on tha fils due
to intarnal sparking afcer test should ba taken sa an
indf{ecation of eparking sufficient to f{goite a combust-
ible aixture.

CAUTLONT This cothod of determiniog the possibilicy
of sparking should be uctilizad only if certainty ax-
fate that sll locations vhere sparking might exist
are visidble to the canars,

Mote speclalised Llnstrumantation may be sdded if
sdditional {nformation such as ekia aurface tempera-
tutes, pressure tises, ot flama froat propsgstion vael-
ocitien are dentfred.

4,1.4 Direct Pffects = Streansts

4,1.4.1 Objective

Klectrical stresmars initisted by a high voltags
f1eld represant a posaidle ignition soutcs for combust-
ible vapora. The objsctive of this tset is to deter-
wine if such strammars may be produced {n regions
vhare such vapors exist,

4.1.4.2 Haveforue

Test voltage vavaform B ghould be applied for
this test. The crest voltage should be sufficient te
prtoduce strsamering, but mot sufficient to cause flash-
over in the high-voltage gap. GCanarally, this wil}

|require that the averags electric field gradient

betveen the electrodes be at least S kV/cn.

4.1.4.3 Test Secup

The tsst object should be mounted in & fixturas
rapresantative of the surrounding regloa of the air-
freoe and be eubjected to the high-voltsge vaveforu.
The voltags may be applied efcther by (1) grounding
the teet object and arvenging the high-voltege taest
elactrode sufficiantly cloes to the test object to
create the required field st the teet wvoltage level
applied or (2) coannecting the test object to the high-
voltage output of the generator and arranging the tast
object in prozimity to a ground plans or other ground
alectrode that (s connected to the ground or low side
of the gensrator. [n efther case the low voltage side
of tha genarator should be grounded. EZither arrenge-
mant can provide tha necessary elactric field at the
teac object apartura. The teet object should be at
positive polarity with respact to groumd, eince this
polarity usually provides ths aoat profuse streanering.

4,1,4.4 Massurements aod Data Regquirenemnts

Haasuresents should include teet voltage wvave:
form and amplitude, snd degree and locatica of stream—
ering. The pressunce of streamering at locaticne where
combustible vapors are knowvn to axist is considered an
iguition eoutce. The praseace of etresnering can best
ba detecrmined vith photography of the test object while
in o darkened ates. If the presence of attreanats s
quasticnable, the teet should be run with a coubustidle
sixture actually present in the test object to deternine
of iguition occurs, but care should be taken to ensurs
that the test arrsngenent sirulaces ralevant operational
(1.0., 1n=-f1light) characteristice.

4.1.5 Direce Bffects ~ Pxternsl Plectricsl Rardvare

4.1.5.1 QOtiective

Tha objacc of this tasc is to determine ths
anount of physical damage which may be sxperianced
by extarnally acunted elactrical compoanants, such as
pitot tubes, asnteanas, navigation lights, etc. when
directly etruck by lightning.




4,1,3.2 Havelnrma, Test Satup, and Muasurumsente
and Dars Roquiremants

Sana as for strictures tsst as described in
Paragraph 4.1,2,

4.1.6 Indirect Effects - Extetnal Plecttical llardwate

4,1,6,1 Objective

The objective of thie test ia to determins the
nagnitude of indirect effects that occur whea light-
aing strikes externally sounted electrical hardvare,
such as antennas, electrically heated pitot tubes,or
savigation lights. Por such hardware the indirect
eflfects include conducted currents aod surge voltagas,
end induced voltages. These currests and voltages say
then ba conducter. via electrical circuita to othar sy—
otens in the vahicle. Therefors, during the direct
effects tests of elactrical hardware scunted within
Zooes ! or 2, oeasurements should be made of the volte
ege appearing at sll elactricel circuit teruinale of
the conponeat. Io sddition, a fast rate of rise test
should be conducted for evaluatioa of magnetically
induced effects.

4.1,6,2 Vaveforms

Current componente A through D used for avalua~
ticn of direct sffects are also ueed for evaluatios
of {ndirect effects, particularly those relating to
the diffusion or flow of current through rasistanca.
The specific vaveforme to be used are the sana as
thoee specified {n Paragraph 4.1.2. 1In additton, the
fast rate of change current waveforn £ should be ap—
plied for evaluatiocn of magnetically tnduced effecte.

Indfiract affacts mespured as a tresult of this
wvavaform oust be extrapolated as follows. Induced
voltages dependent upon resistive or diffusion fluz
should ba extrepolated linserly to a peak current of
200 kA,

Induced voltages dependent upou apsrtura coupling
should be axtrapolated linaarly to a peak rate-of-rise
of 100 kA/pe.
4.1.6.3 Taat Secup

The tast object should be mounted on a shieldad
test chamber so that access to ite electricsl coonse-
tor(s) can be obtained in an ares ralecively free from
axtranecus electromagnetic ficlde, This ia neceasary
to preavent electroragnetic intarferance originating
in the lightaing test circuit from ‘nterfering with
neasurenent of voltsges induced in ths teet ohjact
icealf. The test cbject should be fastensed to Che
test chamber 1n a aannet similar to the way it s
nounted on tha aircraft, since vormal bonding imped~
ances nay contribute to the voltages induced {n cip-~
cuite. If the shislded enclosure is large enough,
the neasurement/recording equipsent may be contatned
within {t. If oot, & suitable shieldad inetrumant
cable cay bs used to transfer the ioduced voltage eig-
aal from ths shislded anclosure to ths equipment, In
this case, the equipmnent should be located a0 se not
to exparifences interferaenca.

T
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The test alectrods should lie pnattinned so as te
inject wimulated lightning cucrent into the test ob-
Joct at the prohadble attachuant point(e) szpectad from
natural lighening, Por teats Tum concurrently with
direct offects tests on the same test object, this
should be sa src-entry (flashover from test electrode
to test object); but for teste nade only to determine
thes indirect affecte, hard-wired connections can be
wads batvean the gensrator output and test odject,
This 48 appropristes sepecially 1if it Lia deeired to
aininise phyetcal datage to the taet object. The test
object should be grounded via the shielded anclosurs
30 that simuluted 1i{ghtning current flows from tha
test object to the ahlelded anclosure in a manner re=
prasentative of ths actual installaciom,

4.1.6.4 MNeseutesents and Data Regquitemeats

Masguressate should includa test current ampli-
tude(s) and waveforu(s) as spacified for the direct
effects tests uctlizing the same vaveforus {n Psra~-
graph 4.1,2, In addition, rrasuremcnta should Le made
of conducred and inducad voltages at the teruinals of
electrical circuits in the test object,

Meaasurenent of ths voltages appesring at the el-
ectrical terminsle of the test object should be nade
with a suitable recording inetrunent having a band=-
vidth nf at laget 10 megaharte,

In some cesas it 1s appropriates to maka weasufe=-
wents of the voltaga betveen two terminals, a8 vell as
of the voltage between either tearninal and ground.
Since the smount of induced voltsga originating in tle
test objact which can enter nystema such as a power due
of an suteana coupler depends pacctly on the impadancas
of thesa ftems, these irpedancas should be simulated
eod conoscted across the elactrical tarminals of the
test object vhere the induced voltags ta baing meajured,

The tesistance, inductance and capacitsnce of
the load tapadasce should be included. A cyptcal
test and neasurenent circult 1s ehown 1in Pigure 4.1.

CAUTION: Interference=fres opetaticn of the voltags
masnurement syetam should ba verifica.

Shielded Enclosure
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Figure 4=1 Psnrncial eleneats of elecerical hard-

vare indiract elfects, teet and messurenent
circuice.
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4.1 TPogtneering Tuate

4,2,1 HModal Atrcraft Lightning Attachmant Point Taat

Oblective

The objective of the model teet 1s to determine

4.2.14

_tha places ou the vehicle vhere direct lightniag strikas

ars likely to attach.
4.2.1,2 Waveforws

1f it is destred to determine the placas on the
aircraft vhare lightning strikee ars moet probabla,
then voltage vaveforw C may be utilized, If it te
dasired, in addttiom, to idantify othar surfsces vhars
strikes may aleo occur om rare occasion, voltaga vave~
form D may be utilized, The longer rise-tims of wveve=
form D sllovs duvelopaent of strexmers and attachmeat
pointe in tegions of lower field intensity (in sddi-
tion to those of high intenaity at surfaces of high
atrike probability,

4.2.1,3 Test Setup

Tests on small-escale models are halpful for de-
teruining attaclment tones, In some caees, tasts on
mndels Dust ba supplemented by othar nesns to detet-
nine exact attachmeant zones or pointe. This s partie-
cularly true of sircraft involving large amounte of
nonnatallic etrnctural materdials.

An sccurste model of the vahicle exterior from
1/30 to 1/10 full scale should be constructed, The
varioue possidble vahicle configuracions should also
be codeled. fcnfucting surfaces ou the aircraft
ahould be represented by conductive surfaces om the
codel, and vice versa. '

The oodel 1a then poeftioned on insulators be=
tveen the electrodes of s trod-rod gap or the electrode
and @ ground plans of s rod-plane gap. The length
of the upper gap should be at laast 1.5 tines the loog~
est dimenston of the model. The direction of approach
becomes less contrsllable at much higher ratics and
the sttoks tuy «ven wmise the model. The lover gap,
cay ba as cuch s 2.5 times the longest dinenston of
the wodsl and should be at lesst equal to the =model
dimension.

Comoonly the slectrodes ate fixed and the amodel
is rotated, The orfantations of the alectrodes with
raspect to the model should be such as to define all
1{kaly sttachnent points. Typicslly, the eslectrodes,
ralative to the model, ars placed at 30° steps ia lat-
ftude sround tha 0* snd 90° longitudes, as shown in
Pigurs é=2, Smaller steps in latitude or lorgitude
may ba required to idantify all attachmant points.

18

slectrode

9.0

R = latituda 9=180°

p = longituds

Pigurs &=2 Alrcraft coordinate systew.

1f rotaticn of the oodel significantly changea tha
gep lenpgthe, it cay ba necessary to repcsition the
electrods, Typically three to ten shots sre taken
vith tha atrcreft in esch orientatioo to .{sulats
11ghtning flashes approaching from different direc-
tions. Photographe, preferably with two cameras at
right angles to each other, should be taksn of aeach
shot in order to determina ths attachment points.
Tha upper slectrode should ba positive with respect
to ground and/or the lower alaectrode.

4.2.2 Full-Size Rardvare Attachment Point Teat =
2one 2

Objective

The cechsaisn of arc attachment im Zoue 2 regicas
1s fundacentally different from that in Zone 1. The
basic bectanisa of sttachment 1s showa on Figure 4-3.
The atc firet attaches to point 1 and then, vieving
the test objact se stationary, is svept back along the
surfasze to poist 2. Wheo the heal of the arc is
above potat 2 the voltags drop st the arc-natel inter-
facea ta sufficiently high to cause flashover of the
air gap and puncture of the eurfaca finish st poiat
2 causing it to re~attach there.

4,2.2.1
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Tin erc will o4ntn b Llown hack aloug tha aur-
frce untll tha voltagn alu.g the arc chinnnal and arc=
wotal intearface 1s pufficinnt to cause flashavar and
attacimunt to s-othet pofnt. The voltaye at vwhich each
naw attach sut will occur Aepuuda sttougly upon the
surface finish of the object inder twet, Tha volte
spe available to causa puncture depands upon the cut=

‘vent flowing 1o the are and the degres of ioniration

in ite clunnel. Thera 1s an {nductive veltage rise
along tha arc as rapidly changing currents flow
throngh 1. Thers will slso be a rusistive volcage
rise producad by the flow of current. The inductive
voltage riee ae well as the resistive rigse can be
quite significant vhon & lightoing restrika occuce
et sooa point tn the flawh,

C §
Motton @

N

N AN
Moving Surfsce

Pigute 4=} Basic sechanion of swept atroks
attaclment,

Ia «~ddition, 1f the flaeh is discontinuous for
a briaf pariod s very high voltage is avsilabla prior
to flow of the naxt curruot component, Bacause tha
chatsal recaine hot end may coutsin rasfdusl tooized
particlce, this voltage atress {» grestest aloog it
and subsequent curremt coupoasats are liksly to flow
along the same charmmel, Such a voltags cay well ba
highar thon voltazes crested by currents flowing ia
the channel anod cay cauea re—attachbant to natallie
surfaces or puncture of ncmmatallic surfaces or di~
electric coatings.

The tiaae during “hich ap arc cay renain attached
to any sic3le point (dwsll time) is & functicn of tha
lightning flash and surface characteristics vhich gow=
ern reattschment to the naxt poiat. The dvell tize ta
slsoc & functiosn of aircraft wpeed.

Siept otroka sttacl unt joint .ad dwell ting
ptecocaena ate therefore of interest for twvo main
tessons. Pirst, 1f thers s so fotarvening nomnetel-
14c surface along tha path over which the src¢ may be
swept, tha swept etroks phanocnena aay deternine
vhather the totasiallic surface will be punctured ofr
vhether the arc will pass harmlessly scroes it to the
oext oxtsallic surface,

Second, tha dvell tiua of an arc on s aatallie
surfaca 1s & factor in deternining 1f euff!clent heat-
ing may occur at s dvall poiot to bura s hila or form
a hot spot capable of izniting combustible olxtures
or causing other dazage. Thus, over a fuel tank it
ia particuiarly (sportsnt that the are move fraely,
in order that tha cetal akino of the tank not be heat-
ead ot Lutoed to & polat that fuel vapors are tguited.

The objectives of uttacleaent studies 1o Zone 2
are them

Por tntallic curfnces

{including conventivmal painted of trested sur-

facoa)t

To daternine poseible attachment pointe end as-
snclated duell tines,

ot _noimaetallic aurfaces

Tincluding netallic surfuces with high dielece
tric strength costinge):

To deternine if punctures may occur.

4.2.2,2 Vavelorme
4.2,2.2.1 Metallic Surfaces

To deturuine arc dwell times om watallic sur-
facae, including couventional painted or trsated sur-
faces, it s nucessary to sioulate the continuing
current cosponent of the lightaning flseh, Thue the
olzylated coatinuing current should be 1o accordanca
with cutreat conponant C.

The currcnt generator driving voltage must ba
sufficiant to naintain an arc length that movea frealy
aloag the surfaca of the tast object. The teet alac~
trode should ba far anough sbove the surface eo ae
not to influence the arc attachneat to the test sur-
foeca. 1If che techoique of Figure 4-3 {a used, the
electrode ehould be a rod parallel to the air streas
and approxirataly parallel to the teet object,

A teastrike nay Le added to the coutinulng cur-
tent sfter initlation to determine vhether a resttika
with ite associated high current acplitude would cause
re~attachnent to points other than those to vhich tha
continulng current arc would re-attach, If a resttika
is used 1t 18 wost appropriate that 1t ba the fast
tate of change of current wvavaforn showa as cutrent
vavafors £ on Yigure 3=3,

4.2,2,2.2 Noometallic Surfaces

To determine wvhether it is possible for dtelec-
Tric punctures or resttaclments to occur oa nomnetal-
lic surfacee or coating materials, tancluding netallic
surfaces with high dielectric strangth coatings, 1t
1s necssssary to sinulate the high—voltage charactar-
fetice of the sre, liigh voltages are causad by (1)
current restrikss {o an looized chaunal, or (2) volt~
ags butldup along & defoaized channel, Theae char-
sctecistics are sicnulated by a test in waich a re~
strika 1s appifed aloug a ctannel praviocusly estab-
l'ehed by a continuing current, Tha restriks ouet
be tnitisted by u voltege rata of rise of 1000 kV/pa
or fascer and ocust disctarge s high rate of rise cut-
raat stfoks in accordance with current waveform E,
This restrika oust aot be spplied until the conzinu=
ing curtent has decayed to rear zero (s nearly de-
fonized stats) as shown 1n Pigure &—4,

Sevaral tests should be appliod with the cootin-
uing cufrent duration and restrikes applied accord-
ing to different tines, T, i ordar to produce worst-
case exposures of the surface and underlying elements
to voltage stress.




Tha snplitude of the continuing curreat {s not
eritical sand may be lover or higher thaa that of cur-
teant component C, OQther aspects of this taet sfa as
described in Patagreph 4,2.2.3.1.

R R
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b Continutag Curremt o
: Curreut ~a
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3 Current
Compouent B
o
1 -+ Time
'_ Voltage :
Voltsge Uaveform A
e o —i Tine

— T -

Tigure &~4 Swept stroke waveforne for taats
of nommacallic sucfaces.

@ 4.2.2.3 Test Serup

Two basic nethods have been used to gizulats the
®vept strokea mechanisa, One of these lovolvea uge of
4 vind stream to move the arc relative to s statioo-
ary teut wurface as shown in Figure 4=5, Tha other
sathod involves movesent of the test surfece relacive
to a stationary arc as shown {n Pigure 4~6, Other
; ® wethods aay aleo be satisfactory if thay sdequately
. Tepresent tha {n-flight intersctioo betwvesa che arc
and tha afrcraft surface, Ralative velocity should
fnclude but oot be limited o the sinimum tn~flight
wvelocity of the vehical, which is when the duell cime
coadition is moet critical,

Tha test elactrode should be far escugh above the
surface so ss oot to influesce the arc sttactment to
> the teet surface. Lf the technique of Pigure 4=3 1a
ussd, the alectrode should be s trod parallel to tha
air atresa sod approzimately parsllel to the test

vbject.
Stactonary
Rlectrode (Rod or Rnifs fdge)
~ .
. Alr Plow LLLllccr sl r

Surface (Stationaty)

Pigure 4-3 Arc soved ralative to
etacionary Cteat surfece.

4,2,2,4 Measurecents and Data Raguirecents

The most lmportaat weasurements ars thuse giving
the atetactasat points, arc dwell times, breskdowvu paths
folloved, and ths aspatatioa detveen attaclmant poiote.
Thess ata moet easily detarained from high spesd motion
picture photographe of the arc. Neasuremeats should
be oade of the air flow or test objact velocity sod the
smplitude and vaveforn of che cuxrent passing through
the tast objsct,

Stacdonary
Electrode

|II'\!

Surface
(Moving)

Pigure 4-6 Test surface moved
relative to atationary arc.

4.2, lodirect Bffects - Couplets Vehicle
4.2.3.1 Objective

The objectiva of this test 18 to seasure inducad
voltages sod curreuts in electrical viring within a
cenplets vehicle, Complets vehicle tests are intended
prioartly to idenctify circuits «hich zay be susceptible
to lightning induced effects.

4.2.3.2 Waveforns

Two techniques, utilizing diffearent wvaveforws,
nay be utilized to perform this tast. Ome {nvolves
application of & scaled down uaidirectional wavefornm
tepresentative of a natural lightning atyoks,

The eecond technique {nvolvas patformance of the
tust with tvo or sors dasped oectllacory cuttent wave-
forms, ocna of which (componant G,) provides the fasc
tvace of rise characteriatic of s astural lightning
etroke wvavelromt, and the other (component G) pro-
vides a long duraticn period chsrscteristic of natursl
lighcning etroxs durstion. Induced voltages should he
sansuted Ln the atrcraft circuits vhen exposed to both
vaveforns and the highest induced voltagee takao as
the cest raasulte,

Zach teet le carriad out by pasaing teet cur-
rents through to che complete vehicle and mcasuring
the induceml voltagus and currenta. Checks are also
ande of alrciaft gyatmu and equipnent operations
vhere poeaible.
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